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Brassinosteroids (BRs) are a class of plant steroid hormones that play important roles in 
plant growth and development, as well as biotic and abiotic stress responses. BR functions 
through membrane receptor BRI1, co-receptor BAK1 and a cascade of signaling components to 
regulate BES1/BZR1 family transcription factors. Comprehensive chromatin-binding	and	
transcriptome reveal that more than 500 transcription factors are regulated by BES1/BZR1. 
Among those transcription factors, there are two classes of typical stress responsive transcription 
factors: TINYs in AP2/ERF family and BOS1 in MYB family. TINYs and BOS1 are shown to 
be regulated by BR, implying BRs may regulate plant growth and stresses responses via these 
two families of transcription factors. However, the detailed mechanisms by which TINY and 
BOS1 regulate stress response and plant growth remain to be established. Therefore, a general 
introduction about BR biosynthesis, BR signaling pathway, and BR mediated cross-talk on 
drought tolerance are discussed in Chapter 2. Given that AP2/ERF family transcription factors 
regulate diverse stresses and hormone pathways, it provides the potential to integrate multiple 
responses together through AP2/ERFs. I also discuss AP2/ERFs’ function in hormones and 
abiotic stresses, and generate a regulatory network to study AP2/ERFs mediated hormones and 
abiotic stresses cross-talk. 
My research goal is to study the mechanisms of how BR-mediated the trade-off 
between stress and growth. In Chapter3, I characterized AP2/ERF family DREB A4 group 
transcription factors TINY and its homologs function in BR-regulated plants growth and drought 
response. I found that TINY negatively regulates plants growth, but promotes drought tolerance.  
TINY’s negative role in plant growth is involving disrupting BR signaling pathway to repress 




phenotype, display higher sensitivity to BR biosynthesis inhibitors and compromised BR-
responsive gene expression. In contrast, tiny tiny2 tiny4 triple mutant leads to increased plant 
growth and resistance to BR biosynthesis inhibitors as well as induced BR responsive gene 
expression. We find that TINY promotes ABA-mediated stomatal closure and confers drought 
tolerance by activating drought responsive genes, which is in contrast to BR regulation of 
drought response. We also reveal that TINY and BRs have opposite regulation of global gene 
expression. The mechanistic studies showed that TINY interacts with and antagonizes BES1 on 
either growth or stress-related genes. In addition, we demonstrate that TINY function balanced 
through the regulation by BIN2, the negative regulator in BR pathway. BIN2 phosphorylates and 
stabilizes TINY. This provides a mechanism by which BRs function to inhibit TINY function to 
prevent unnecessary activation of drought responses, while stresses activated BIN2 reinforced 
TINY’s function. 
In Chapter 4, I characterize BOS1’s function in BR regulated plant growth. We find that 
BOS1 negatively regulates BR mediated plant growth. However, BR negatively regulates the 
expression of BOS1 and its homologs to promote plant growth. BES1 can directly bind to BOS1 
promoter to inhibit its expression. BOS1 is a substrate of BIN2 suggesting that the post-
translational modification of BOS1 protein might regulate BOS1’s function. Previous studies 
showed that BOS1 have positive effect on plants botrytis and abiotic stress tolerance.  We aim to 
unravel the functional and regulatory mechanisms of BRs in biotic and abiotic stresses through 
BOS1.   
In Chapter 5, future directions are addressed. Taken together, our findings clarify 
AP2/ERF and MYB family transcription factors functions in plant growth, and adds the 




CHAPTER 1. INTRODUCTION 
1.1 Abstract 
As sessile organisms, plants encounter various challenges from environment, such as 
increasing global temperature, limiting water source and diverse pathogens. To overcome these 
challenges, plants have evolved complex regulatory systems to balance the growth and stress 
response, which include phytohormones. Among plant growth promoting hormones, 
Brassinosteroids (BRs) are a class of plant steroid hormones that play important roles in plant 
growth and development, as well as biotic and abiotic stress responses. Traditional genetic 
screenings and characterizations of BR-deficient mutants have identified the major components 
in BR biosynthesis and signaling transduction pathways. BR functions through receptor BRI1, 
co-receptor BAK1 and a cascade of signaling components to regulate BES1/BZR1 family 
transcription factors. Comprehensive genomic studies have revealed that more than 500 
transcription factors (TFs) are regulated by BES1/BZR1. Among these, AP2/ERF and MYB 
family transcription factors, especially TINY and BOS1 have dual roles in plant growth and 
stress responses, making them as good candidates to study BR regulated plant growth and 
stresses responses. This introduction is focused on reviews on the BR pathways, and on the 
function of AP2/ERFs in hormones and abiotic stress responses. 
1.2 Recent Advances of Brassinosteroid regulation on plant growth and stress responses 
1.2.1 Brassinosteroid Biosynthesis Pathway 
BRs play important roles throughout plant development, such as cell elongation, leaf 
development, pollen tube growth, xylem differentiation, senescence, photomorphogenesis and 




studies have identified several BRs deficient mutants, such as deetiolated2 (det2) (Li et al., 1996; 
Fujioka et al., 1997), dwarf4 (dwf4) (Choe et al., 1998), and CONSTITUTIVE 
PHOTOMORPHOGENESIS AND DWARFISM (cpd) (Szekeres et al., 1996), exhibit similar 
phenotype including retard growth, dark green leaves, and delayed senescence. Only the 
exogenous application of BRs, not other plant hormones, can rescue their pleiotropic abnormal 
phenotype. Therefore, DET2, DWF4 and CPD are defined as BR biosynthesis genes controlling 
the production of BR in plants. Indeed, DET2 controls the first step of conversion of campesterol 
(CR) to campestanol (CN). Converting CN into 6-deoxocathasterone (6-deoxoCT) is controlled 
by DWF4, and finally 6-deoxoCT is converted to 6- deoxoteasterone (6-deoxoTE) with the help 
of CPD. After this, the successive oxidation to 6-deoxo-3- dehydroteasterone (6-deoxo-3-DHT), 
6-deoxotyphasterol (6-deoxoTY), 6-deoxocastasterone (6- deoxoCS) and castasterone (CS) will 
eventually lead to production of  brassinolide (BL), the most active form of BRs (Kim et al., 
2005). Gene expression studies have revealed that CPD and DWF4 genes are regulated by a 
feedback inhibition mechanism, in which strong BR signaling will inhibit CPD and DWF4 gene 
expression (Wang et al., 2002).  
1.2.2 Brassinosteroid Signaling Pathway 
Many BR signaling components have been identified by genetic screens (Figure 1.1). 
The first BR-insensitive mutant BRASSINOSTEROID INSENSITIVE1 (bri1) identified BR 
receptor BRI1. BRI1 is a member of leucine-rich repeat (LRR) receptor kinase family, which 
contains 25 LRRs with 70 amino acid island domain, a single trans-membrane domain, and an 
intracellular serine / threonine kinase domain (Clouse et al., 1996; Li and Chory, 1997). Another 
BR-insensitive mutant, BRASSINOSTEROID INSENSITIVE 2 (bin2) displayed similar 




studies suggested that BIN2 is a negative regulator of the BR pathway (Li et al., 2001; Li and 
Nam, 2002). Another two different bri1 suppressor screenings identified two semi-dominant 
mutants: bes1-D (bri1-EMS-suppressor 1) and bzr1-D1 (brassinazole resistant-1D), both 
exhibited some aspects of constitutive BR response phenotype (Wang et al., 2002; Yin et al., 
2002). BES1 and BZR1 are plant-specific transcription  factors, sharing 88% sequence identity 
and redundant functions in BR pathway. The constitutive BR response phenotype suggests that 
BES1/BZR1 are positive regulators for plant growth (Wang et al., 2002; Yin et al., 2002). BIN2 
negatively regulates BR signaling pathway though phosphorylating BES1/BZR1 and targeting 
them for degradation though proteasome pathway (He et al., 2002; Li and Nam, 2002; Yin et al., 
2002). Additionally, BIN2 phosphorylation can also inhibit BES1/BZR1 function through other 
mechanisms, such as subcellular localization and DNA-binding activity (Li and Jin, 2007). 
Genomic gene expression profiling analysis reveals that BES1/BZR1 bind to conserved DNA 
binding sites, such as E-box (CANNTG) or the BRRE site CGTG(T/C)G to either activate or 
repress target genes expression, respectively (He et al., 2005; Yin et al., 2005; Sun et al., 2010; 
Yu et al., 2011).  
In addition to BRI1, BIN2 and BES1/BZR1, several other BR signaling components 
have been identified. The BRs are sensed by the membrane-localized receptor BRI1 and its co-
receptors BAK1; the signal is then transduced to downstream components though a series of 
phosphorylation events. In the absence or of BRs, BRI1 kinase inhibitor 1 (BKI1) interacts with 
BRI1 to inhibit BRI1 kinase activity (Wang and Chory, 2006). Furthermore, SBI1 encodes 
leucine carboxylmethyltransferase (LCMT) that methylates PP2A. The methylation of PP2Ac by 
SBI1 leads to an enrichment of methylated PP2Ac at plasma membrane to facilitate BRI1 de-




and inhibits the functions of BES1/BZR1 by several mechanisms (Wang et al., 2002; Yin et al., 
2002). In the presence of BRs, BKI1 dissociates from plasma membrane (Wang and Chory, 
2006), allowing BRI1 to interact with its co-receptor BAK1 (BRI1 associated Kinase 1) (Li et 
al., 2002; Nam and Li, 2002) and related SOMATIC EMBRYOGENESIS RECEPTOR 
KINASES (SERKs) (Gou et al., 2012). The autophosphorylation and transphosphorylation 
between BRI1 and BAK1 then activate BRI1 kinase (Wang et al., 2008; Oh et al., 2009; Oh et 
al., 2010), which at least partially requires TWISTED DWARF1 (TWD1/FKBP42), an 
immunophilin-like protein that constitutively interacts with BRI1, and is required for BR-
induced association and phosphorylation of BRI1-BAK1 complex (Chaiwanon et al., 2016; Zhao 
et al., 2016a).  
Activated BRI1 phosphorylates a plasma membrane-associated kinase BSK1 (BR 
signaling kinase 1) and a receptor-like cytoplasmic kinase CDG1 (constitutive differential 
growth1) (Tang et al., 2008; Kim et al., 2009; Kim et al., 2011b). The phosphorylation of BSK1 
promotes the binding and activation of phosphatase BSU1 (BRI1 suppressor 1), encoding a 
nuclear-localized serine–threonine protein phosphatase with an N-terminal Kelch-repeat domain 
(Mora-Garcia et al., 2004). BSU1 was proposed to de-phosphorylate and inactivate BIN2 by 
conserved phosphor-tyrosine residue (pTyr200) (Kim et al., 2011b). There are additional 
mechanisms regulating BIN2. BIN2 was targeted for degradation in the presence of BRs, which 
was mediated by E3 ubiquitin ligase KIB1 (Peng et al., 2008; Zhu et al., 2017). BIN2’s function 
was inhibited by OCTOPUS (OPS) in the phloem (Anne et al., 2015). Moreover, BIN2 kinase 
activity are repressed by HISTONE DEACTYLASE6 (HAD6) and ABI1/ABI2 .(Hao et al., 
2016; Wang et al., 2018). The inactivation of BIN2 leads to enrichment of non-phosphorylated 




al., 2011). Finally, BES1/BZR1 in the nucleus bind to promoters of thousands of genes and 
regulate their expression (Sun et al., 2010; Yu et al., 2011). 
1.2.3 BES1/BZR1 cooperate with other transcriptional regulators (TFs) to promote growth 
Many studies have revealed how BES1/BZR1 modulate the BR-regulated 
transcriptional network. BES1/BZR1 interact with other transcription factors and histone 
modification enzymes to mediate BR regulated growth. In addition to the basic helix-loop-helix 
protein BIM1 (Yin et al., 2005) that binding to the same BES1 binding sites, BES1 cooperates 
with MYB family transcription factor MYB30 to positively regulate BR-induced genes by 
binding to E-box and MYB binding site, respectively (Li et al., 2009). PIF4, an important 
regulator of light-regulated plant growth, physically interact with BES1/BZR1 to regulate over 
2000 common genes. BZR1 and PIF4 interact to form heterodimer, which binds to G-box 
(CACGTG) elements in BR target gene promoters (Oh et al., 2012). Moreover, BES1 recruits 
histone modification enzymes and transcription regulation machinery to regulate gene 
expression, which include INTERACTS WITH SPT6 1 (IWS1) (Li et al., 2010), EARLY 
FLOWERING6 (ELF6), the histone H3 lysine 27 demethylase RELATIVE OF ELF6 (REF6) 
(Yu et al., 2008; Lu et al., 2011), and histone lysine methyltransferase SDG8 (Wang et al., 2014). 
MYBL2 (A myeloblastosis family transcription factor-like 2) (Ye et al., 2012) and HAT1 
(homeodomain-leucine zipper protein 1) (Zhang et al., 2014) are recruit by BES1 to mediate BR-
repressed genes expression. BZR1 also has repression effect by recruiting TPL (TOPLESS), a 
Groucho/TUP1-like transcriptional co-repressor, through EAR (ERF- associated amphiphilic 





1.2.4 BR regulation of drought response 
In addition to regulating growth, BR signaling is also reported to have complex role on 
various stresses outputs. For example, drought stress is one of the major stresses around the 
world, which causes dramatic losses of crop yield. ABA, the most important stress related 
hormone, exhibits the positive effect for plant to overcome drought stress. Recent studies reveal 
that BR and ABA have antagonized effect on seed germination and root growth (Ryu et al., 
2014; Yang et al., 2016). In the present of BR, BES1 recruits TPL/HDA19 repressor complex to 
facilitate the histone deacetylation of ABI3 chromatin, which leads to the transcriptional 
repression of ABI3 and consequently ABI5 to suppresses the ABA signaling output during early 
seedling development (Ryu et al., 2014). Additionally, gain-function of bzr1-1D mutant is 
resistant to ABA-inhibited primary root growth, in which BZR1 is reported to bind G-box of 
ABI5 promoter and repress ABI5 expression to weaken ABA signaling (Yang et al., 2016). 
Interestingly, BRs can inhibit stomatal development though BIN2 (Kim et al., 2012). BIN2, the 
negative regulator in BR signaling pathway, has been revealed to regulate other signaling 
pathways by phosphorylating many substrates (Youn and Kim, 2015). BIN2 phosphorylates 
MAPK kinase kinase (MAPKKK) YDA to inhibit YDA phosphorylation on its substrate MKK4, 
then finally positively regulate stomatal development (Kim et al., 2012). ABA also activate BIN2 
kinase activity by inhibiting ABI1 and ABI2 (Wang et al., 2018). There are other studies show 
that BIN2 positively regulates ABA-mediated seed germination and root growth though 
regulating SnRK2.2, SnRK2.3 kinases and the stability of ABI5 (Cai et al., 2014; Hu and Yu, 
2014). The posttranslational modification by BIN2 also affects protein stability by different 
mechanism. MYBL2 and HAT1, the positively regulator in BR signaling pathway, are 




However, several studies revealed that the application of exogenous BRs improves 
drought tolerance on Arabidopsis (Kagale et al., 2007). It is possible that the effects of BR on 
drought response depend on the concentrations of BRs used. In tomato, the high concentrations 
of exogenous BRs application lead to induced ABA by H2O2, which might be caused by 
feedback inhibition or secondary effects (Zhou et al., 2014). Although the effects of exogenous 
BRs may be complex, several recent genetic studies demonstrate that BR pathway inhibits 
drought response. CYP85A2, the cytochrome P450 enzyme that constructs the last step in 
brassinosteroid biosynthesis, has to be farnesylated and functional. Loss of CYP85A2 
farnesylation with reduced BR biosynthesis leads to drought tolerance (Northey et al., 2016). 
Another example is knockdown of a BRI1 homolog in Brachypodium distachyon, BdBRI1 
RNAi plants show increases drought tolerance and highly expressed drought-responsive (Feng et 
al., 2015). BES1 and RD26 (drought induced TF) antagonize with each other to negatively and 
positively regulate drought tolerance respectively (Ye et al., 2017). Under drought or other 
conditions, BES1 is targeted to autophagy pathway for degradation, thereby slowing down plant 
growth under stresses (Nolan et al., 2017c). Taken together, BR is a very important plant 
hormone to mediate drought response under specific environment condition. 
1.3 AP2/ERF Transcription Factor Regulatory Networks in Hormone and Abiotic Stress 
Responses 
Abiotic stresses such as water scarcity, extreme temperature and high salinity lead to 
arrested plant growth and ultimately result in massive agricultural losses (Fahad et al., 2017). As 
sessile organisms, plants have to respond to external stress signals in a timely manner to ensure 
optimal growth and stress tolerance with sophisticated regulatory mechanisms. Among these, 




form an interconnected network (Chen et al., 2017; Ye et al., 2017). In addition, environmental 
changes are often multifactorial that several stresses occur simultaneously. Instead of the linear 
responding pathways, these regulatory components lead to more complex responses (Van den 
Broeck et al., 2017). Under abiotic stress conditions, stress hormones such as Abscisic acids 
(ABA) and Ethylene (ET) are induced, whereas the production and distribution of growth 
promoting hormones, such as Gibberellins (GAs), Brassinosteroids (BRs), and Cytokinins (CTK) 
are also altered to enable optimal responses (Verma et al., 2016). The regulation of plant 
hormone signaling during abiotic stresses is also partially mediated by hormone- and stress-
responsive transcription factors (Nolan et al., 2017a; Bechtold and Field, 2018).  
1.3.1 Overview of AP2/ERF family transcription factors  
AP2/ERFs family transcription factors are characterized by an APETALA2 
(AP2)/Ethylene Responsive element binding Factor (EREB) domain, which composes 40-70 
conserved amino acids involved in DNA binding (Sakuma et al., 2002; Feng et al., 2005; Nakano 
et al., 2006). It contains the four major subfamilies: Apetala2 (AP2), Related to Abscisic Acid 
Insensitive 3/Viviparous 1 (RAV), Dehydration-Responsive Element Binding-proteins (DREBs) 
(subgroup A1-A6) and Ethylene Response Factors (ERFs) (subgroup V-X) (Sakuma et al., 2002; 
Nakano et al., 2006). As transcription factor, AP2/ERFs regulate genes involved in diverse 
biological processes such as growth, development, hormone and stress responses through several 
well characterized mechanisms including transcriptional and post-translational modifications 






1.3.1.1 Transcriptional regulation of AP2/ERFs   
AP2/ERFs expression is regulated to enable proper stress responses. Gene expression 
profiling studies show that most AP2/ERFs are expressed at low levels under normal conditions, 
whereas their expression can be induced or repressed at certain growth stages, by hormones and 
stress stimuli (Feng et al., 2005; Li et al., 2017b; Owji et al., 2017). In many cases, AP2/ERFs 
expression levels are regulated by the conserved cis-elements present in their promoter regions, 
or a combination of multiple responsive elements (Figure1.1 left). For example, DREB2A was 
highly induced under dehydration and heat conditions (Liu et al., 1998). The expression of 
DREB2A was controlled by HEAT SHOCK FACTOR1 (HSFA1) and ABRE-BINDING 
PROTEINs/ABRE-BINDING FACTOR 3 (AREB1/AREB2/ABF3) through binding to Heat 
shock element (HSE) and ABRE motifs on its promoter, respectively (Kim et al., 2011a; Liu et 
al., 2011). Moreovet, in order to create functional isoform, alternative splicing is required for 
some AP2/ERFs in wheat and maize (Egawa et al., 2006; Qin et al., 2007). In these cases, plants 
produced an inactive form containing stop codons before the DNA binding domain under normal 
condition, while the exon containing premature stop codons is excluded to generate an active 
form under stress conditions. Furthermore, microRNAs (miRNA) mediated RNA silencing and 
translation repression was shown to regulate AP2/ERFs too, such as miRNA172 pairing with 
AP2 messenger RNA to inhibit its translation (Chen, 2004). Several other miRNA such as 
miRNA156 and miRNA838 are also identified to regulate AP2/ERFs (Kavas et al., 2015). 
1.3.1.2 Post-translational modification of AP2/ERFs 
In addition to transcriptional control, post-transcriptional regulation also modulates the 
activity and abundance of AP2/ERF proteins (Figure1.1 middle). For example, post-translational 




functions (Licausi et al., 2013). SNF1-RELATED PROTEIN KINASES (SnRKs), a positive 
regulator in ABA signaling pathway, interacted with and phosphorylated RAV1 to inhibit its 
transcriptional repression function (Feng et al., 2014). ERF104 and ERF6 were phosphorylated 
by mitogen-activated protein kinases (MPKs) to positively regulate plants pathogen responses 
(Bethke et al., 2009; Meng et al., 2013). Indeed, many kinases such as GSK3-like kinase BR-
INSENSITIVE 2 (BIN2) and SnRKs have been reported to mediate abiotic stresses (Nolan et al., 
2017a). However, information about how these kinases regulate AP2/ERFs is limited. Therefore, 
future studies such as phosphoproteomics under abiotic stresses and upon perturbation of specific 
kinases could help identify AP2/ERF protein modifications, leading to potential strategies to 
modify the protein activity to confer abiotic stress tolerance. 
The protein stability of AP2/ERFs is also regulated by ubiquitin-mediated protein 
degradation through the 26S proteasome pathway (Figure1.1 middle). Under non-stress 
conditions, Arabidopsis DREB2A, ERF53 and ERF75/RAP2.2 proteins are directly ubiquitinated 
by RING domain E3 ligases DREB2A-INTERACTING PROTEIN1/2 (DRIP1/2), RAlGDS-
LIKE (RGLG1/2) and SEVEN IN ABSENTIA OF ARABIDOPSIS2 (SINAT2), respectively 
(Qin et al., 2008; Cheng et al., 2012; Papdi et al., 2015). A CUL3-based E3 ligase adaptor 
BTB⁄POZ-MATH (BPM) also mediates ERF59/RAP2.4 degradation (Weber and Hellmann, 
2009). Additionally, the stability of several ERF-VII members is controlled by the N-end rule 
pathway, in which the N terminal Met (Nt-Met) of ERF71/HRE2, ERF72/RAP2.3, and 
ERF74/RAP2.12 is removed and the second amino acid Cys (Nt-Cys) is oxidized into cysteine 
sulphenic acid in an oxygen-dependent manner (Gasch et al., 2016). This process triggers the 
following ubiquitination mediated by the E3 ligase PROTEOLYSIS 6 (PRT6) (Gibbs et al., 




proteins (ACBP1/2) and localized on the plasma membrane under normal conditions. During the 
limited oxygen condition, RAP2.12 de-associated from ACBP1/2 and moved into nucleus by an 
unknown mechanism (Gibbs et al., 2015). Taken together, a number of components have been 
identified that regulate AP2/ERF stability, localization and activity. Since many AP2/ERFs are 
involved in stress responses, this tight regulation of AP2/ERF protein likely ensures plants 
effectively respond to environmental stimuli without ectopic activation of stress responses. 
 1.3.1.3 DNA binding diversity of AP2/ERF transcription factors. 
To regulate target genes, AP2/ERFs have conserved DNA binding preferences (Nakano 
et al., 2006). Typically, DREBs recognize Dehydration-Responsive or Cold-Repeat Element 
(DRE/CRT) with A/GCCGAC core sequence, and ERFs bind Ethylene-Response Element 
(ERE) with AGCCGCC core sequence (also known as GCC-box) (Shinozaki and Yamaguchi-
Shinozaki, 2000; Guo and Ecker, 2004). However, many DREBs and ERFs have been reported 
to bind to both DRE and ERE elements. Additionally, AP2/ERFs can recognize cis-elements that 
diverge significantly from these motifs (Table1). The diverse DNA binding of AP2/ERFs might 
enable them to participate in different regulatory processes (Phukan et al., 2017), which can be 
achieved through different transcriptional activities and different partners upon binding to 
different sites. 
1.3.1.4 Transcriptional regulation of target genes by AP2/ERFs 
Through directly binding to target gene promoters, AP2/ERFs can either activate or 
repress gene expression (Figure 1.1 right). Besides a DNA binding domain at N-terminal, the C-
terminal activation domain of AP2/ERFs mediates the activation of target gene expression. 




motif is strong enough to override the repression effect of TFs with an EAR motif, which 
emphasizes the transactivation activity of AP2/ERFs (Tiwari et al., 2012). The repression 
activity is mediated by several repression motifs, such as ERF-associated amphiphilic repression 
(EAR) with LxLxLx sequence, TILLFR and B3 repression domain (BRD) with RLFGV 
sequence (Licausi et al., 2013; Phukan et al., 2017). ERFs containing EAR or BRD motifs 
suppress target gene expression by interacting and recruiting transcription co-repressors and 
histone modifiers. Co-repressors like TOPLESS (TPL) and TOPLESS-RELATED (TPR) interact 
with AP2/ERFs to recruit chromatin remodeling complexes (Causier et al., 2012; Martin-
Arevalillo et al., 2017). ERF7 interacted with a human global co-repressor homolog AtSin3 that 
in turn interacted with the histone deacetylase HDA19 (Song et al., 2005). Similarly, ERF3, 
which interacts with SAP18 and then recruits HDA19 to repress gene expression (Song and 
Galbraith, 2006). 
1.3.2 AP2/ERF regulatory networks in Abiotic stresses 
AP2/ERFs regulate numerous abiotic stresses such as cold, drought, heat, salt, and 
freezing (Mizoi et al., 2012; Licausi et al., 2013; Phukan et al., 2017). Many AP2/ERFs are 
proposed to form an abiotic stress-specific regulatory network. However, the ability of 
AP2/ERFs to respond to multiple stimuli and regulation on different stresses suggest they form a 
more complex stress response network. In this network, AP2/ERFs also respond to abiotic 
stresses with varying dynamic patterns: some AP2/ERFs are induced quickly and continuously, 
whereas others are regulated by prolonged stress indicating they might have mutual influence on 
each other’s function (Van den Broeck et al., 2017). However, the detailed mechanisms of how 
different AP2/ERFs cooperate or antagonize with each other are yet to be established. Therefore, 




necessary to study the relationship between different AP2/ERFs in abiotic stress responses. Here, 
we summarize recent works on the DREBs and ERFs regulation on cold, drought, heat and salt 
stress responses, and we also show the mutual regulation of different AP2/ERFs.  
1.3.2.1 DREBs: major regulators in cold, drought, heat and salt stress responses 
DREBs have been extensively examined in abiotic stresses, where they positively 
regulate cold, drought, heat and salt tolerance by directly regulating stress-responsive genes 
(Figure 1.2). Among these, DREB1s (DREB-A1 subgroup) containing several C-Repeat-Binding 
factors (CBFs) play major roles in acquisition of freezing tolerance (Chinnusamy et al., 2003). 
CBFs together with another major cold responsive transcription factor Inducer of CBF 
expression (ICE), establish a central cold response pathway to activate the majority of DRE 
containing Cold Responsive Genes (CORs) (Zhao et al., 2016b; Liu et al., 2018a). CORs encode 
late embryogenesis abundant (LEA) proteins and enzymes for sugar metabolism and fatty acid 
desaturation that provide the protection for plants from cold stress (Maruyama et al., 2009). The 
roles of CBFs in stress responses have been characterized by genetics using cbf mutants 
generated by CRISPR/Cas9 genome editing techniques and CBFs overexpression lines, as well 
as transcriptome analysis (Park et al., 2015; Zhao et al., 2016b). CBFs are also reported to 
positively regulate plant drought and salt tolerance which might due to the common set of stress 
responsive genes (Kasuga et al., 1999). Despite having clear function in cold pathway, how 
CBFs regulate different stresses and the mechanisms by which they confer stresses tolerance are 
still unknown. Environmental changes are usually multifactorial and several stresses often occur 
simultaneously. Therefore, the multiple roles of CBFs in abiotic stresses are necessary for plants 
to overcome stresses (Zhao and Zhu, 2016) and it will be interesting to examine how CBFs 




In addition to CBFs, cold acclimation transcriptome profiling identified several other 
regulators that are activated during cold acclimation, including members in the DREB-A5 group 
(Fowler and Thomashow, 2002). The DREB A5 group contains six members with EAR motifs 
(DEARs) acting as transcriptional repressors on DRE motif containing genes (Nakano et al., 
2006). DEARs provide a repression effect in the DREB-regulated abiotic stress network. Among 
these, DEAR1 likely acts upstream of CBFs, while DEAR6/RAP2.1 acts downstream of CBFs 
(Tsutsui et al., 2009; Dong and Liu, 2010). Overexpressed DEAR1 suppressed the cold induced 
CBFs’ expression and displayed reduced plant freezing tolerance (Tsutsui et al., 2009). RAP2.1 
was induced by cold, as well as in plants constitutively overexpressing CBFs, but the induction 
of RAP2.1 by cold has a later onset than the induction of CBF2 (Dong and Liu, 2010) . RAP2.1 
was first identified as CBFs downstream “subregulon” and negatively modifies plants cold 
tolerance (Fowler and Thomashow, 2002). The presence of the DRE motif in the RAP2.1 
promoter region also suggests that RAP2.1 might be direct target of CBFs (Dong and Liu, 2010). 
Although the integration of DEAR1 and RAP2.1 in the CBF pathway still needs to be examined 
using genetics, this negative regulation mechanism might provide checks and balances that 
minimize the adverse effects of prolonged stress responses. In addition to RAP2.1’s negative role 
in cold stress, it also negatively regulates drought tolerance, in that overexpression plants of 
RAP2.1 were sensitive to drought (Dong and Liu, 2010). However, how RAP2.1 regulates 
drought response, whether it regulates other abiotic stresses and what other DEARs function in 
abiotic stresses are interesting questions to answer in the future.  
DREB2s from DREB-A2 are mostly involved in plant drought and heat tolerance, 
which has been reviewed in detail elsewhere (Mizoi et al., 2012). Briefly, DREB2s are induced 




LEAs, and heat responsive genes such as heat chaperons (Maruyama et al., 2009). Moreover, 
members in DREB-A4 family such as HARDY (HRD) and in DREB-A6 family such as ERF53, 
RAP2.4, and TG/RAP2.4A also positively regulate drought tolerance, as well as salt tolerance 
(Karaba et al., 2007; Lin et al., 2008; Cheng et al., 2012; Zhu et al., 2014). Overexpression of 
HRD in Arabidopsis or Rice remarkably improved plants drought and salt tolerance (Karaba et 
al., 2007). Overexpression of TG resulted in vitrified leaves with increased water content in cells 
leading to increased drought tolerance (Zhu et al., 2014). TG regulates cell water homeostasis 
mainly by directly activating several aquaporin genes (Rae et al., 2011; Zhu et al., 2014), as well 
as ascorbate peroxidases (APx) genes encoding chloroplast peroxidases that functions to protect 
against photo-oxidative stresses caused by reactive oxygen species (ROS) (Rudnik et al., 2017). 
Taken together, DREBs are involved in multiple abiotic stresses, including cold, 
drought, heat and salt stresses. The ability of DREBs to bind DRE containing stress responsive 
genes supports their similar responses to stresses. However, DREBs also regulate different 
stress-specific genes. For example, genes encoding chaperons are specific for DREB2s under 
heat stress, and genes encoding aquaporin proteins are regulated by TG (Maruyama et al., 2009; 
Zhu et al., 2014). DREBs are a major family of AP2/ERF transcription factors that integrate 
multiple abiotic stress signals, cooperate or antagonize one another, and modulate downstream 
stress responsive genes. Thus, studying the DREB gene regulatory network will provide platform 
for a more comprehensive understanding of abiotic stress responses. 
1.3.2.2 ERF, AP2 and RAV subfamily members in freezing, hypoxia and salt stress 
responses 
Members in ERF subfamily also contribute to abiotic stress responses (Licausi et al., 




CYTOKININ RESPONSE FACTORS (CRFs) in ERF-VIs subfamily are induced by CTK as 
well as multiple abiotic stresses to positively regulate osmotic and freezing tolerance (Rashotte et 
al., 2006; Rashotte and Goertzen, 2010). CRF6, whose induction is dependent on the perception 
of CTK, alleviated the H2O2 damage on plants to positively regulate oxidative response (Zwack 
et al., 2016b). CRF4, one of several CRFs not transcriptionally regulated by CTK, positively 
regulates freezing tolerance by promoting CORs expression (Zwack et al., 2016a). However, the 
mechanisms by which CRFs confer stress tolerance remain to be determined.  
ERF-VIIs have five members including ERF71/HRE2, ERF72/RAP2.3, ERF73/HRE1, 
ERF74/RAP2.12, and ERF75/ RAP2.2. This group of ERFs has been demonstrated to play major 
roles in flooding, low oxygen (hypoxia) and submergence tolerance and their redundant function 
in hypoxia responses has been reviewed (Bailey-Serres et al., 2012; Bui et al., 2015; Gibbs et al., 
2015). Briefly, ERF-VIIs expression are induced by limited oxygen. Members in this group have 
conserved N-terminal domains that allow them to be degraded under anoxia conditions though 
oxygen-dependent N-end rule pathway. With limited oxygen, ERF-VIIs accumulate and 
positively regulate hypoxia responsive genes involved in sugar metabolism, fermentation and ET 
biosynthesis to achieve hypoxia tolerance. Apart from hypoxia responses, ERF-VIIs are also 
identified to regulate oxidative and osmotic stresses. Overexpression of RAP2.2, RAP2.3 and 
RAP2.12 (RAPs) results in a higher survival rate from low oxygen, oxidative and osmotic 
stresses, while rap2.12-2 rap2.3-1 double mutants are sensitive to these stresses (Papdi et al., 
2015; Yao et al., 2017).  
It is reported that RAPs regulate abiotic stresses via an RbohD-dependent mechanism. 
RESPIRATORY BURST OXIDASE HOMOLOG D (RbohD), a NADPH oxidase, helps to 




processes, ROS serves as signaling molecules to trigger stress responses and transduce signals 
crossing cells according to its lower molecular weight and fast cell diffusion (Qi et al., 2018). 
First it was found that the ROS production and RbohD expression were compromised in single 
erf74 and double erf74 erf75 mutants at early stage, which resulted in compromised stress 
responsive gene expression and stress tolerance. Given ERF74 binds to RbohD promoter to 
activate its expression, the RbohD dependent ROS activation was essential for ERF74 and 
ERF75 mediated hypoxia resistance. However, too much ROS cause cell injury and cell death. 
To overcome ROS adverse effect, overexpression of ERF74 promoted the increased ROS 
scavenging enzymes and stress responsive genes at later stage. Therefore, ERF74 acts as an on-
off switch to control RbohD-dependent ROS burst in response to different stresses in 
Arabidopsis (Yao et al., 2017). This newly identified mechanism divides the stress response into 
early and later stages. Detailed study of the reprograming process at different stress stages is 
important to improve our understanding about the regulatory mechanisms involved.  
Many other ERFs also regulate abiotic stresses. ERF1 and Ethylene- and Salt-inducible 
ERF genes (ESEs) in ERF-IX group positively regulate plant salinity tolerance by promoting salt 
responsive gene expression (Zhang et al., 2011). ERF6, another member in ERF-IX group, 
triggers growth inhibition to confer long-term osmotic stress tolerance (Dubois et al., 2013). 
RAP2.6L from ERF-X subgroup improves drought and salt tolerance (Yang et al., 2009; Liu et 
al., 2012). Additionally, Arabidopsis RAVs, especially AP2s, play central roles in developmental 
processes, such as organ number and size control, shoot and root meristem maintenance, flower 
initiation and growth(Osnato et al., 2012; Horstman et al., 2014). Members in these subfamilies 
are also reported to mediate diverse abiotic stress responses. ANT controls organ cell number 




repressing SCABP8/CBL10, a putative Ca2+ sensor that protects Arabidopsis shoots against salt 
stress and maintains ion homeostasis (Meng et al., 2015). Overexpression of AtRAV1 and 
AtRAV2 in cotton increased fiber length and even obtained the same yield under drought stress 
compared with control conditions (Mittal et al., 2015). 
In summary, ERFs are involved in multiple abiotic stresses, including freezing, hypoxia, 
drought, and salt stresses. ERF subfamily transcription factors also function similar as DREBs, to 
receive multiple stress signals and control a diverse set of stress responsive genes. Moreover, 
many ERFs have cooperative or antagonistic regulation on stress responses. It will be interesting 
to construct ERF-specific gene regulatory networks, which could provide insight as to how ERFs 
function as a unit to regulate common downstream genes.  
1.3.3 Integration of AP2/ERFs with hormone responses 
In addition to directly regulating abiotic stresses, AP2/ERFs are also involved in 
hormone signaling and hormone mediated-stress responses. Plant hormones affect abiotic 
stresses by triggering a wide range of physiological processes (Kazan, 2013; Colebrook et al., 
2014; Kazan, 2015; Khan et al., 2015; Muller and Munne-Bosch, 2015; Tao et al., 2015; Sah et 
al., 2016; Nolan et al., 2017a). ABA and ET are major stress hormones that are induced under 
abiotic stress conditions and regulate stress responses associated with AP2/ERFs (Kazan, 2015; 
Sah et al., 2016). GAs, CTK, and BRs are growth-related hormones that promote cell growth, 
proliferation and differentiation. It is becoming increasingly evident that these growth-related 
hormones also have direct and/or indirect effects on abiotic stresses (Kazan, 2013; Colebrook et 
al., 2014; Nolan et al., 2017a). Because stress tolerance is often associated with trade-offs 
between growth and stress, abiotic stress-tolerant plants usually have lower growth rates and 




confer plant stresses tolerance associated with growth losses (Figure 1.2), such as CBFs, 
DREB2A, HARDY, TG, ERF6 and RAP2.6 (Kasuga et al., 1999; Sakuma et al., 2006; Karaba et 
al., 2007; Sharabi-Schwager et al., 2010; Krishnaswamy et al., 2011; Dubois et al., 2013; Zhu et 
al., 2014). The growth loss can be minimized by overexpressing CBF3 and DREB2A under the 
control of the stress-induced RD29A gene promoter (Kasuga et al., 1999; Sakuma et al., 2006; 
Matsukura et al., 2010). Thus, in addition to understanding the basis of AP2/ERFs in abiotic 
stresses, it is also important to explore their roles in the hormonal regulated stresses response. 
AP2/ERFs are involved in plant hormone-mediated abiotic stresses through the following 
aspects: 1) AP2/ERFs transcripts are regulated by hormones; 2) AP2/ERFs alter hormone 
sensitivity and gene expression by cooperating or antagonizing various hormone signaling 
components; 3) AP2/ERFs regulate hormone biosynthesis or metabolism via feedback regulation 
(Figure 1.3). In the following sections we emphasize how abiotic stress-induced (ABA and ET) 
and growth-promoting (GA, CTK and BR) hormones are regulated by AP2/ERF through these 
mechanisms. 
1.3.3.1 AP2/ERFs in ABA-mediated stress-response  
The plant hormone ABA is a pivotal hormone that regulates abiotic stress responses 
including drought, salinity, cold and heat stresses. ABA exerts a protective function through 
inducing stomata closure, modulating root architecture, and promoting the synthesis of 
osmolytes (Cutler et al., 2010; Sah et al., 2016). During stress conditions such as water 
deprivation and osmotic pressure, the rate-limiting ABA biosynthetic enzyme nine-cis-
epoxycarotenoid dioxygenase (NCED) is rapidly up-regulated to promote ABA biosynthesis. 
ABA is then sensed by a large family of PYR/PLY/RCAR receptors that interact with PP2C 




(SnRK2s). The active SnRK2s phosphorylate downstream substrate proteins, including 
AREBs/ABFs, ion channels, and enzymes such as NADPH oxidases, thereby inducing ABA 
responses (Finkelstein, 2013; Sah et al., 2016). Generally, transcription factors regulate abiotic 
stresses through ABA-dependent or ABA-independent pathways.  
A great deal of studies have shown that DREBs regulate ABA-independent abiotic 
stresses by directly binding to CRT/DRE motifs on stress responsive genes (Gilmour et al., 2004; 
Matsukura et al., 2010; Mizoi et al., 2012; Zhu et al., 2014). However, AP2/ERFs are 
indispensable for ABA-dependent stress responses as well. ANT (Meng et al., 2015b), ERF53 
(Hsieh et al., 2013), ERF-VIIs (Papdi et al., 2015; Yao et al., 2017), RAP2.6L (Liu et al., 2012), 
and RAP2.6 (Zhu et al., 2010) are induced by ABA to up-regulate DRE- and ABRE- elements 
containing genes. The combination of abiotic stresses and ABA led to the further activation of 
DREB2s and stress inducible genes (Lee et al., 2016). ABI4, a unique gene in the DREB-A3 
group is a key component of the ABA signaling pathway. Upon ABA and ROS accumulation 
under stress conditions, ABI4 represses CCAAT Binding Factor A (CBFA) (Zhang et al., 2013). 
CBFA is a subunit of the trimeric transcription complex of Heme Activator Proteins (HAPs). 
Repression of CBFA then allows other transcription factors to enter the transcription complex 
and improves the efficiency of stress responsive gene transcription (Zhang et al., 2013).  
Apart from AP2/ERFs’ positive effect in ABA-mediated stress responses, many studies 
have shown that AP2/ERFs also interrupt ABA signaling (Figure 1.3). For example, ERF18/ 
ORA47 activates the PP2C family phosphatase gene ABI2. At the same time ABI1 acts upstream 
of ORA47 to activate ORA47, leading to an ABI1-ORA47-ABI2 regulation loop that inhibits 
ABA signaling as well as drought tolerance (Chen et al., 2016). RAV1 inhibits ABA sensitivity 




1.3.3.2 AP2/ERFs in Ethylene-mediated stress-response  
ET is also reported to regulate abiotic stress responses including salt, cold, and flooding 
(Kazan, 2015). ET is synthesized from the rate limiting enzymes ACC synthases (ACSs), a 
major target for the regulation for ET production under stresses (Tao et al., 2015). The binding of 
ET with its receptor ETR1 deactivates CTR1 kinase activity to release CTR1’s inhibition on 
EIN2. Then C-terminal of EIN2 translocates into nucleus to activate EIN3 as well as the 
transcriptional cascade of ethylene-regulated genes (Qiao et al., 2012; Muller and Munne-Bosch, 
2015). In stress responses, AP2/ERFs, especially the ERF subfamily, are the major downstream 
regulatory factors of the ET signaling pathway (Licausi et al., 2013; Gibbs et al., 2015; Kazan, 
2015; Muller and Munne-Bosch, 2015). ET regulates abiotic stress response from several aspects, 
including inhibiting CBFs to negatively regulate cold stress (Figure 1.3). Conversely, ET 
positively regulates flooding and submergence mediated by ERF-VIIs, and improves salt 
tolerance by activating ERF1 and ESEs. For ET-regulated cold response, the production of ET 
was inhibited after exposure to cold, which resulted in compromised cold tolerance (Shi et al., 
2012). Consistently, ET insensitive mutants etr1-1, ein2-5, and ein3-1 displayed increased 
freezing tolerance. EIN3 inhibited CBFs expression by directly binding to their promoters. 
In addition, ET plays crucial roles on plant survival and recovery from flooding, 
especially in Rice. Flooding causes oxygen deficiency, which promotes ET production (Yang et 
al., 2011) and activates the expression of a set of ERF-VIIs, whose function in hypoxia was 
discussed above. However, ERF-VIIs regulate hypoxia response partially through ET-
independent pathways. The induction of ERF73/HRE1 under hypoxia was not completely 
abolished in ethylene-insensitive mutants or in the presence of ethylene biosynthesis inhibitors. 




regulations (Hinz et al., 2010; Yang et al., 2011). For instance, HRE1-RNAi seedlings displayed 
exaggerated triple responses; ACSs was decreased in RAP2.2 overexpression plants, but up-
regulated in rap2.2-2 knockout mutant (Hinz et al., 2010). However, how ERF-VIIs control ET 
homeostasis via negative feedback mechanism under stresses needs further investigation. 
ET also has complex regulation in salt stress, which has been extensively discussed 
(Kazan, 2015; Muller and Munne-Bosch, 2015; Tao et al., 2015). Briefly, in Arabidopsis, ET 
signaling is required for plant tolerance to salinity stress as EIN3 activates ERF1 and ESEs to 
activate downstream stress-related genes and promote salinity tolerance. However, knockout 
mutants of ACSs also led to salt tolerance, leading to an opposite conclusion to ET signaling. The 
different conclusions might come from different experiments using different mutants in certain 
growth stages. Future investigation is necessary to further our understanding about the actual 
roles of ET in plant salinity response. 
1.3.3.3 AP2/ERFs in GA-mediated stress-response  
The plant hormone Gibberellins (GAs) are known to promote plant growth and 
development.  GAs have also been shown to regulate abiotic stresses, as reduced GA content 
slows down plant growth upon exposure to several abiotic stresses including cold, salt and 
osmotic stresses (Claeys et al., 2012; Colebrook et al., 2014). GAs are synthesized through 
several key oxidases including GA 20-oxidases (GA20oxs) and GA 3-oxidases (GA3oxs), and 
catabolized by GA 2-oxidase (GA2ox) that depletes pools of GA precursors to maintain GA 
homeostasis (Phillips et al., 1995; Rieu et al., 2008). In the absence of GAs, a group of DELLA 
proteins (DELLAs) inhibit GA response, and this inhibition can be released by the degradation 
of DELLAs in the present of GAs (Claeys et al., 2012). Generally, abiotic stresses cause 




mediated by AP2/ERFs (Figure 1.3). DREB1E and DREB1F conferred salt stress-induced 
growth retardation mostly through the repression of GA20oxs (Magome et al., 2004). CBF1 and 
ERF6 overexpression plants were sensitive to stress-induced growth retardation because of 
increased GA2oxs expression as well as the accumulation of DELLAs (Achard et al., 2008; 
Dubois et al., 2013). Conversely, ERF11 promotes plant internode elongation by activating GA 
biosynthesis, and expression of GA3ox1 and GA20oxs was increased in ERF11 overexpression 
plants (Zhou et al., 2016). Nevertheless, ERF11 and ERF6 show antagonistic regulation on 
stress-induced growth inhibition. ERF11 suppressed the extreme dwarf phenotype of ERF6 
overexpression plants and repressed ERF6-induced gene expression (Dubois et al., 2015). The 
opposite regulation by ERF6 and ERF11 reveals that dynamic mechanisms must exist in plants 
to fine-tune and maintain the balance between plant growth and stress responses. 
In addition to GA regulation in Arabidopsis abiotic stresses, rice SUBMERGENCE 1A 
(SUB1A), and SNORKEL1/2 (SK1/SK2) regulate flooding coping submergence tolerance by 
two opposite GA regulations. The first quiescence strategy was that SUB1A increased the 
accumulation of SLENDER RICE1 (SLR1) and SLENDER RICE1 LIKE1 (SLRL1) (DELLA 
like proteins in rice) to restrict GA signaling and sensitivity, which resulted in inhibition of plant 
internode elongation and reduced carbohydrate consumption (Fukao and Bailey-Serres, 2008; 
Locke et al., 2018; Perata, 2018). The second deep-water escape strategy involves SK1/SK2, 
which lead to up-regulated GA20oxs and promoted internode elongation to escape submergence 
in water (Hattori et al., 2009; Ayano et al., 2014). 
1.3.3.4 AP2/ERFs in CTK-mediated stress-response  
The plant hormone CTK not only plays diverse roles in plant growth and development, 




which is mediate by CRFs (Figure 1.3). CRFs are essential for CTK-mediated embryo, cotyledon, 
and leaf development, as both single and multiple CRF1/2/3/5/6 mutants displayed cell 
proliferation deficient phenotypes (Rashotte et al., 2006). The roles of CRF’s regulation on CTK-
mediated development were further confirmed by the transcriptome analysis of crf 1,2,5 and 
crf2,3,6 mutants, with or without CTK treatment. About 60% of the CTK responsive genes were 
regulated by both CRFs and type-B ARRs (the typical cytokinin-responsive transcription factors), 
suggesting a model that CRFs acted tandemly with type-B ARRs to mediate CTK response. 
CRF6 also cooperated with CTK signaling to inhibit stress-induced leaf senescence through a 
common subset of CTK-regulated genes (Zwack et al., 2013). Apart from the CRFs positive 
effect in the CTK pathway, CRF6 also represses CTK-associated target genes involved in CTK 
biosynthesis, signaling and transport, to alleviate the adverse effect of CTK on abiotic stress 
(Zwack et al., 2016b). The opposite regulation between CRF6 and CTK on stresses and similar 
regulation on senescence suggest that CRF6 regulates CTK signaling through two subsets of 
genes: one set of genes alleviate the negative effect of CTK on abiotic stresses, while the other 
set helps CTK to promote plant development. The detailed mechanisms of CRF regulation in 
these processes remain to be determined. Identification of CRF target genes and the upstream 
signaling could allow for a better understanding about ERF-VIs function and how CTK regulates 
abiotic stresses. 
1.3.3.5 AP2/ERFs in BR-mediated stress-response  
The plant hormone BRs play important roles throughout plant development, such as cell 
elongation, leaf development, pollen tube growth, xylem differentiation, senescence, and 
photomorphogenesis as well as stress response (Clouse et al., 1996; Ye et al., 2017). BRs are 




leading to accumulation of transcription factors BES1/BZR1 to regulate thousands of BR 
responsive genes involved in plant growth and stresses responses (Guo et al., 2013). BR 
regulates cold and drought responses through several pathways. For example, BR positively 
regulates cold tolerance partially though CBF-mediated cold response pathway, where BZR1 
binds and promotes the expression of CBF1/CBF2 in response to cold. Cold stress also promotes 
accumulation of the unphosphorylated and active form of BZR1 by unknown mechanisms (Li et 
al., 2017a) (Figure 1.3). However, BR negatively regulates drought tolerance via antagonizing 
with drought induced transcription factor RD26 on drought responsive genes (Ye et al., 2017). 
BR also antagonizes with ABA pathway from receptors to transcription factors and regulate the 
trade-off of plants growth under stress conditions (Nolan et al., 2017a). Although there are no 
reports on AP2/ERFs in BR mediated drought response, BES1 and BZR1 target genes include 
numerous AP2/ERFs, implying that AP2/ERFs have a potential function to integrate the BR 
pathway with abiotic stresses (Sun et al., 2010; Yu et al., 2011). Future studies in this area will 
shed light on the mechanisms and roles of AP2/ERFs in BR and stress responses.  
In addition, AP2/ERFs regulate the BR pathway through different mechanisms. 
ERF72/RAP2.3 antagonize BZR1 and ARF6 (auxin responsive transcription factor) to inhibit 
hypocotyl elongation, while its role in BR regulated stresses response is unknown (Liu et al., 
2018b). The role of ERF72 in controlling growth implies that ERF72 might be a candidate for 
the study of the integration of BR and stresses. In fact, rice SUB1A mediated GA and BR cross-
talk to control submergence tolerance. SUB1A activated BR biosynthesis and signaling, which in 
turn induced GA catabolic gene GA2ox7 to lower GAs content, and ultimately promoted rice 





1.3.4 AP2/ERF Transcription Factors and abiotic stresses regulatory Network 
Based on AP2/ERFs roles in abiotic stresses and hormone signaling, AP2/ERFs 
function through complicated regulatory networks. These networks are influenced by diverse 
environment stimuli and plant hormones. Regulatory mechanisms such as protein-protein 
interactions and cooperative or antagonistic regulation on target genes are involved in dictating 
the output of AP2/ERF networks for plant growth, development and abiotic stresses. The large 
number of the AP2/ERF transcription factors coupled with functional redundancy and their 
diverse roles have made it difficult to fully understand AP2/ERFs networks. A promising 
approach is to apply computational tools to dissect AP2/ERFs function. These include analyzing 
promoter sequences for abiotic stress-related motifs (Sazegari et al., 2015), and constructing 
stress response gene regulatory networks under different stress conditions (Dubois et al., 2017; 
Van den Broeck et al., 2017). For instance, after aligning 20 Arabidopsis DREB genes promoters 
to motifs related to abiotic stresses, it was found that DREB1A/CBF3, DREB1C/CBF2, DREB2C, 
DREB2G and DEAR3 have the most types of these motifs. These include HSE heat shock 
element motif to which heat shock factors bind, LTR (temperature responsive element) motif that 
is important for the induction of cold regulated genes, and ABRE (ABA responsive element) 
motif that responds to ABA. On one hand, the multiple stress responsive motifs help explain the 
induction of DREBs under various environment stimuli, and on the other hand, they imply that 
these DREBs might form a central responded network to control diverse abiotic stresses 
(Sazegari et al., 2015).  
In addition to promoter analysis, Van den Broeck et al. examined a complex, highly 
interconnected network of 20 Arabidopsis transcription factors (more than half are AP2/ERFs) to 




plant will limit growth to help plant survive from stresses (Claeys et al., 2014; Bechtold and 
Field, 2018). In this case, members from ERF-VIIIs (ERF8, ERF9, ERF11), ERF-IXs (ERF-1, 
ERF2, ERF5, ERF6, ERF59, ERF98) and ERF-X (RAP2.6L) were significantly up-regulated in  
proliferating and expanding tissues upon short-term mannitol exposure. Among these, 
ERF6 (Dubois et al., 2013) RAP2.6L (Krishnaswamy et al., 2011; Liu et al., 2012) have already 
shown to positively regulate stress tolerance and inhibit growth, implying they have potential 
role in stress and growth trade-off. This work also illustrated that the activation of these ERFs 
was sequential. ERF5, ERF6, ERF11 and ERF98 showed a fast, strong and continuous induction, 
while other ERFs were regulated mildly and slowly. Transcriptomic profiling of each ERF using 
inducible overexpression plants demonstrated that they form a highly interconnected gene 
regulation network consisting of redundant regulation mediated via interaction, activation, 
repression and internal regulation. By combining osmotic stress and each individual ERFs 
transcriptiomic data it was possible to generate a network that simplifies the signaling cascades 
into linear pathways, although further genetic confirmation is needed. 
In order to gain additional insight into AP2/ERF function in abiotic stresses and 
hormone response pathways, we investigated AP2/ERFs in gene co-expression networks 
(Chockalingam et al., 2016; Chockalingam et al., 2017) that were generated by processing and 
classifying thousands of public microarray datasets into tissue and process specific categories. If 
AP2/ERFs are involved in hormone- and stress- responsive gene regulation, then these 
transcription factors would be expected to connect to hormone/stress regulated genes in the 
network. We used transcriptome data from various stress and hormone treatments (Maruyama et 
al., 2009; Bai et al., 2012; Park et al., 2015; Song et al., 2016; Hickman et al., 2017; Albihlal et 




this idea and found that many AP2/ERFs connect to more hormone/stress regulated genes in the 
network than would be expected by chance (Figure 1.4A, Fisher’s exact test). We further divided 
AP2/ERFs into four clusters based on enrichment for hormone or stress responsive genes in the 
network. The role of CBFs in stress and hormone responses was investigated as an example. 
CBFs are distributed into four clusters that include AP2/ERFs enriched for cold, drought, salt 
and heat responsive genes. These clusters also include AP2/ERFs enriched for ABA, ET, and BR 
responsive genes. In line with these network predictions, the function of CBFs in ET and cold 
stress (including those mediated by BRs) has been confirmed by genetics or transcriptomic 
studies (Shi et al., 2012; Li et al., 2017a). We further compared genes differentially expressed in 
cbf123 triple mutants after cold treatment, BR and ET responsive genes (Figure 1.4B) (Zhao et 
al., 2016b; Nolan et al., 2017b; de Zelicourt et al., 2018; Zhang et al., 2018). The comparison 
indicates that CBFs share a significant amount of genes with cold, ET and BR. For example, cold 
regulates ~4000 genes, ~68% of which are regulated by CBFs, supporting CBFs’ major 
contribution in cold tolerance. Among these, ~20% of CBF regulated cold responsive genes are 
regulated by ET and BR, indicating that ET and BR regulated cold stress are dependent on the 
CBF pathway. ET and BR negatively and positively regulated CBFs through their specific 
transcription factors EIN3 (Shi et al., 2012) and BES1/BZR1 (Li et al., 2017a), respectively 
(Figure 1.4C). Taken together, these examples of network and transcriptome comparisons can 1) 
predict AP2/ERFs functions, 2) study AP2/ERFs function in specific stress/hormone responses; 3) 
examine the cross-talk of hormones in controlling growth and stress tolerance. 
1.4 MYB family members in development and stress response 
In Arabidopsis, MYB family transcription factors contains198 members and play 




MYB gene was identified as v-MYB gene of avian myeloblastosis virus (AMV) (Klempnauer et 
al., 1982). Then the homologous genes were identified in fungi and plants (Lipsick, 1996). A 
MYB domain is usually composed of one to three imperfect repeats, which are referred to R1, 
R2 and R3. Each repeat contain about 52 amino acids that adopt a helix-turn-helix conformation. 
MYB family members were classified into three major subfamilies based on how many repeats 
they have. R2R3-MYB subfamily contains 126 members with two adjacent repeats, and can be 
further divided into 21 subfamilies. R1R2R3-MYB subfamily contains 5 members. MYB-related 
family contains 64 members with no typical MYB repeat (Chen et al., 2006).  
The R2R3-MYB subfamily consists the largest number of MYB genes, which have 
diverse functions, such as plant development, pollen formation and stress response. Moreover, 
many of MYB genes are responsive to SA, JA, CdCl2 and NaCl treatments (Chen et al., 2006). 
For example, MYB56 was a novel negative regulator of flowering by controlling expression of 
the FLOWERING LOCUS T (FT), whereas the MYB56 protein stability was control by a 
CRL3BPM E3 ligase. CRL3BPM E3 ligase targeted degradation (Chen et al., 2014). MYB62 
negatively regulates gibberellin (GA) biosynthesis: overexpressing of MYB62 displayed GA-
deficient phenotype (Devaiah et al., 2009). In BR signaling pathway, MYB30 interacted with 
BES1 to positively regulate hypocotyl elongation though positively regulating BR-induced genes 
(Li et al., 2009). MYB21 and MYB24, the only members of subgroup 19, are involved in 
jasmonate (JA) mediated stamen development. myb21 and myb21myb24 displayed shorter anther 
filaments, anther dehiscence and reduced male fertility (Mandaokar et al., 2006). MYB genes 
also regulate stress response. MYB15 was reported to interact with ICE and negatively regulate 




MYB2 associated with MYC2 to mediate the ABA-dependent dehydration-responsive gene 
expression(Abe et al., 2003).  
MYBs also have an important role on regulating defense response. BOS1/MYB108 
(Botrytis Susceptible1) was first identified from T-DNA insertion allele with increased 
susceptibility to Botrytis infection (Mengiste et al., 2003). The bos1 mutant identified was 
extremely sensitive to Botrytis infection and Botrytis injection greatly induced BOS1 
transcription. The induction of BOS1 was greatly depended on JA signaling pathway, because 
the induction of BOS1 by Botrytis injection was totally blocked in JA insensitive coi1 mutant 
(JA receptor). Furthermore, the bos1 mutants exhibited reduced male fertility, anther dehiscence 
and pollen viability (Mandaokar and Browse, 2009). Additionally, the bos1 mutants also have 
impaired water, salt and oxidative tolerance (Mengiste et al., 2003). An E3 ligase Botrytis 
Susceptible1 Interactor (BOI1) identified from yeast two hybrid screen interacted with BOS1 and 
targeted it for degradation (Luo et al., 2010), suggesting BOS1 protein was under tight control. 
Taken together, all the evidences suggest that BOS1 might not only positively regulate defense 
response, but also abiotic stress, which is converse from BR pathway.  
Although numerous studies demonstrated that MYB transcription factors play roles in 
multiple stress responses and plant growth, the functions of BOS1 in BR-regulated plant growth 
and stress responses have not been demonstrated. The BR-regulation of BOS1 and it’s close 
homologs suggest that these MYB genes are involved in BR-regulated plant growth and/or stress 
response. I will describe experiments to test the hypothesis in Chapter 4. 
1.5 Thesis organization and author contributions 
Chapter 1 contains an introduction of Brassinosteroid (BR) biosynthesis and signaling 




factors regulatory, as well as MYB family transcription factor mediated plants development. A 
literature review of AP2/ERF family transcription factors in hormone and abiotic stresses 
responses will submit to Frontier Plant Science. Chapter 2 is the functional characterization of 
AP2/ERF family transcription factors TINYs in BR-regulated plant growth and drought 
response. The manuscript of TINYs will submit to The Plant Cell. Chapter 3 is the functional 
characterization of MYB family transcription factor BOS1 in BR-regulated plant growth. 
Chapter 4 includes the summary and future perspectives. 
The literature review described in Chapter 1: Trevor Nolan and Hao Jiang collect 
RNAseq data and performed network analysis. Zhouli writes the paper with input from other co-
authors. 
The research project described in Chapter 2: Zhouli Xie and Yanhai Yin conceived the 
project. Zhouli Xie designed and performed most of the experiments with the following 
exceptions. Hao Jiang performed EMSA experiments (Figure 2.6B), GST-pull down assay 
(Figure 2.5F) and Co-IP (Figure 2.2H). Trevor Nolan, Zhouli Xie, Mingcai Zhang and Zhaohu Li 
conducted QuantSeq and Trevor Nolan analyzed the QuantSeq data (Figure 2.4). Trevor Nolan 
assisted with confocal microscopy for BiFC assays (Figure 2.2G and Figure 2.6G). Buyun Tang 
genotyped tiny single mutants. Zhouli Xie and Yanhai Yin wrote the manuscript with input from 
other co-authors. 
The research project described in Chapter 3: Zhouli Xie and Yanhai Yin conceived the 
project. Zhouli Xie performed and designed the experiments. Zhouli Xie wrote the paper. 
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Figure 1.1. Overview of the BR signaling pathway. In the absence of BR, several negative 
regulators (BKI1 and BIK1) act to inhibit BR signaling at BRI1/BAK1 receptors, and BIN2 
phosphorylates BES1/BZR1 family transcription factors to inhibit their function through several 
mechanisms. BIN2 also phosphorylates other transcription factors such as PIF4, MYBL2 and 
HAT1 to regulate their activities. Without BR signaling, expression of BR-induced genes is 
relatively low, whereas BR-repressed genes are more highly expressed, leading to suppressed BR 
responses. When present, BRs bind to receptor BRI1 and co-receptor BAK1, which leads to the 
disassociation of BKI1 and BIK1 as well as phosphorylation and activation of BRI1/BAK1, 
which activates BSK1, CDG1 and BSU1. BSU1 then functions to inhibit BIN2 kinase function 
while KIB1 ubiquitinates BIN2. PP2A activates BES1/BZR1 by dephosphorylation and 
cytoplasmic BKI1 sequesters 14-3-3s that otherwise sequester BES1/BZR1 in the cytoplasm. 
These events lead to accumulation of dephosphorylated BES1/BZR1 in the nucleus. BES1/BZR1 
binds to E-box elements and interacts with cofactors (such as histone-modifying enzymes REF6 
and SDG8 and transcription elongation factor IWS1) and BR-related transcription factors (BR-
TFs, such as PIF4 and BIM1) to activate BR-induced gene expression. On the other hand, 
BES1/BZR1 binds to BRRE sites and interacts with co-repressors (TPL and MYBL2), histone 
deacetylase (HDAC) and likely other BR-TFs to inhibit BR-repressed genes. The large number 
of BR-regulated genes (∼5000) enables cell elongation and other BR-regulated processes. Adapt 





Figure 1.2. General regulatory mechanisms of AP2/ERF family transcrition factors. AP2/ERFs 
are regulated by mutiple stresses and stimuli at tanscription, tanslation and protein modification 
levels. Upon stresses, AP2/ERFs are induced though cis-elements presented in their promoter 
regions (left bottom). These cis-elements include HSE, EBS, LRT, ABRE and many other 
unknown binding sites that repsonds to HSFAs, EIN2, ICE, AREBs and other TFs, respectively. 
After transcribed, althernative splicing helps generate AP2/ERFs functional mRNA (left). Under 
normal condition, AP2/ERFs have adverse effect on plant growth and development and thus  
need to be eliminated. miroRNA mediated AP2/ERF silence is one of the ways to inhibit 
AP2/ERFs translation (left). E3 ubiquitin ligases invovled proteasome degradation and 
phosphorylation mediated by kinases provide additional ways to regulate AP2/ERFs protein 
levels and activity (middle). These E3 ligases include DRIP1/2, RGLG1/2, SINA2 and PRT6, 
which mediate DREB2A, ERF53, RAP2.2, and ERF-VIIs degration, respectively. ERF-VIIs 
undergo N-end rule mediated degradation under normal condition. BPM provides RAP2.4 
docking adaptor for CUL3-E3 complex. MPK and SnRKs mediated phosphorylation activates 
and represses ERF104 and RAV1 function, respectively. Under stresses, AP2/ERFs including 
CRFs and ERF-VIIs translocate into nucleus, bind to conserved or diverged DNA binding sites, 
interact with many other TFs and histone modification complex to either activate or represse 
stress responsive genes expression (right). Among stress induced genes, RhohD is responsive for 
ROS and H2O2 generation. Induced H2O2 serves as a signal messenger to active ROS scavenging 








Figure 1.3. Overview about AP2/ERFs mediated abiotic stresses. Members in DREBs and ERFs 
subfamily positively regulate numerous abiotic stresses, but negatively regulate growth. Their 
ability to regulate several stresses simutanlously form a comprehensive regulatory network. 
Amonge the netowrk, DREB-A1 family might act as repressors at upsteams of DREBs. Figure 










Figure 1.4. AP2/ERFs roles in hormone pathways. Abiotic stresses alter the production and 
distribution of phytohormones that in turn mediate stresses responses through hormone signaling 
components and AP2/ERFs. Arrows and bar ends indicate activation and repression effect 






Figure 1.5. AP2/ERFs regulatory network in abiotic stresses and hormones. (A) AP2/ERFs in 
abiotic stresses and hormone responsive gene co-expression networks. Networks are generated 
using method from (Chockalingam et al., 2016; Chockalingam et al., 2017). The color legend 
indicates normalized p-value from Fisher’s exact test. (B) Venn diagram showing overlaps 
among CBFs regulated genes and cold regulated, ET regulated  and BR regulated genes (left). 
Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to perform the 
comparisons. The significance of overlapping genes regulated by CBFs versus cold, BR and ET 
is calculated by hypergeometric test (right). (C) CBFs regulated cold response pathway with 























































































































CHAPTER 2. THE AP2/ERF TRANSCRIPTION FACTOR TINY MODULATES PLANT 
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In order to survive environmental stresses while optimizing their growth, plants must 
precisely modulate their growth and stress response programs. Plant steroid hormone 
Brassinosteroids (BRs) promote plant growth and inhibit drought responses through central 
transcription factors BES1 and BZR1 in the BR signaling pathway. Although the functions of 
AP2/ERF family transcription factors in stress responses are well documented, their functions in 
the trade-off between stresses and growth have not been established. Here, we showed that stress 
inducible AP2/ERF family transcription factor TINY antagonizes with BR pathway to inhibit 
BR-regulated growth while promoting BR-repressed drought response. TINY interferes BR-
induced plant growth by reducing BR signaling. Accordingly, TINY overexpression plants have a 
stunted growth phenotype, increased sensitivity to BR biosynthesis inhibitors and compromised 
BR-responsive genes expression. In contrast, tiny tiny2 tiny4 triple mutant has increased plant 
growth and tolerance to inhibition of BR biosynthesis as well as increased BR responsive gene 
expression. TINY confers drought tolerance by activating drought responsive genes as well as 
promoting ABA-mediated stomatal closure. The global gene expression studies reveal that TINY 
has opposite gene regulation pattern on BR responsive genes involved in plant growth and stress 
response. TINY interacts and antagonizes with BES1 on these genes. Moreover, BIN2, 
phosphorylates and stabilizes TINY, providing a mechanism by which BRs function to inhibit 
TINY function to prevent unnecessary activation of drought responses under normal growth 
conditions, while stresses- and ABA- activated BIN2 reinforces TINY’s function under drought 
condition. Our results demonstrate that TINY not only functions to promote drought response 
and inhibit plant growth by modulating BR pathway, but also acts as a target for BR signaling 





As sessile organisms, plants encounter various environmental challenges, such as 
limiting water supplies and extreme temperatures. To overcome these challenges, plants have 
evolved regulatory systems to coordinate growth and stress response, many of which are 
mediated by Brassionsteroids (Nolan et al., 2017a). Brassinosteroids (BRs), a class of 
polyhydroxylated plant steroid hormones, are well known to promote plant growth and 
development such as cell elongation, leaf development, pollen tube growth, and xylem 
differentiation (Clouse et al., 1996). BRs are perceived through a receptor kinase, 
BRASSINOSTERIOID INSENSITIVE1 (BRI1), co-receptor BRI1-ASSOCIATED RECEPTOR 
KINASE (BAK1) and a cascade of signaling components including negative regulator GSK3-
like kinase BIN2 (He et al., 2002) to regulate transcription factors BRI1-EMS SUPRESSOR 1 
(BES1) and BRASSINAZOLE-RESISITANT 1 (BZR1) (Clouse et al., 1996; Li and Chory, 
1997; Li et al., 2002; Nam and Li, 2002; Wang et al., 2002; Yin et al., 2002; Gou et al., 2012). 
BES1 and BZR1 regulate the expression of thousands of target genes responded to BRs with 
many other interacted proteins (Sun et al., 2010; Yu et al., 2011; Guo et al., 2013). 
BRs were recently reported to regulate drought response at controversial ways. The 
exogenous application of BRs improved drought tolerance in Arabidopsis and tomato, supporting 
BRs’ positive roles in drought (Kagale et al., 2007; Zhou et al., 2014). However, BR 
biosynthesis and signaling loss-of-function mutants resulted in improved drought tolerance, and 
BR signaling gain-of-function mutant bes1-D displayed hypersensitivity to drought also 
supporting BRs’ negative roles in drought response (Northey et al., 2016; Nolan et al., 2017d; Ye 
et al., 2017). The negative role of BR in drought was further revealed by global gene expression 




(RD26) (Ye et al., 2017). RD26 positively regulates drought tolerance as well as stress 
responsive genes (Fujita et al., 2004; Tran et al., 2004). BES1 and RD26 oppositely regulate BR 
and drought responsive genes via reciprocal inhibition on their transcriptional activity (Ye et al., 
2017). In contrast to RD26 and its homologs, WRKY46, WRKY54 and WRKY70 (WRKYs) 
cooperate with BES1 to promote plant growth related genes expression, but inhibit drought 
responsive genes expression (Chen et al., 2017). Furthermore, under drought condition, drought 
promoted the degradation of WRKY54 and BES1 to alleviate their effect on growth, leading to 
enhance drought responses (Chen et al., 2017; Nolan et al., 2017c; Yang et al., 2017). All these 
reports suggest that BRs’ negative regulation on drought is due to BR mediated trade-off 
between growth and drought response. Nevertheless, most recent study identified that BR 
conferred drought tolerance without penalizing plant growth by overexpression of the vascular 
brassinosteroid receptor BRI1-LIKE receptor 3 (BRL3), suggesting that the optimal growth 
before drought is also essential for plant drought tolerance (Fàbregas et al., 2018).  
In addition, BRs’ negative effect on drought is linked with BR-ABA antagonism. ABA 
contributes to drought tolerance by inducing stomatal closure and expression of numerous stress-
responsive genes (Kuromori et al., 2018). BAK1 interacted with OST1/SnRK2.6, the major 
contributor to ABA-induced stomatal closure, to balance BR and ABA signaling output 
(Acharya et al., 2013; Shang et al., 2016). ABA promoted BAK1-OST1 complex formation to 
activate stomatal closure, which was inhibited by BL treatment (Shang et al., 2016). BR also 
antagonizes with ABA though BIN2. ABA promoted BIN2 kinase activity by inhibiting 
phosphatases ABI1/ABI2 (Wang et al., 2018). BIN2 activated ABA signaling through 
phosphorylation and activation of SnRK2.2 and SnRK2.3 as well as downstream transcription 




TINY belongs to AP2/ERF family and DREB A4 subfamily of transcription factors, 
which contains 17 members in Arabidopsis (Nakano et al., 2006; Mizoi et al., 2012). TINY was 
first identified from a transposon mutagenesis screening based on its dwarf growth phenotype as 
gain-of-function mutants of TINY displayed reduced plant height, shorter hypocotyls and 
impaired fertility (Wilson et al., 1996). These studies suggest that TINY might be an important 
regulator of growth. In addition to regulating plant growth, several lines of evidences point 
toward a role of TINY in stress responses. TINY transcript was greatly induced by various 
stresses such as dehydration, cold and salt (Sun et al., 2008). Overexpression of TINY was 
associated with increased drought-responsive gene expression (Sun et al., 2008) and 
hypersensitivity to ABA-mediated seed germination and root growth inhibition (Coego et al., 
2014). Although TINY is known to be involved in controlling growth and stress programs, the 
specific pathways and mechanisms by which TINY mediate these responses remain to be 
established.  
In this study, we find that TINY inhibits plant growth and promotes drought tolerance 
by penetrating BR-mediated trade-off between plant growth and drought responses. TINY 
inhibits plant growth by negatively regulating BR signaling and BR responsive gene expression. 
Besides TINY’s promotion on ABA-induced stomatal closure and drought responsive gene 
expression, TINY also interacts and antagonizes with BES1 on BR-induced genes involved in 
plant growth and BR-repressed genes implicated in drought responses. Furthermore, we 
demonstrate that TINY is phosphorylated and stabilized by BIN2 kinase, a negative regulator in 
the BR pathway but positive regulator in ABA and stresses. Overall, this study demonstrates that 
TINY promotes drought response while inhibiting BR-induced plant growth, thereby providing 





2.3.1 TINY negatively regulates plant growth by inhibiting BR pathway 
Previous studies indicated that TINY gain-of-function mutant had a stunted growth 
phenotype with reduced hypocotyl elongation and fertility defects (Wilson et al., 1996). Our BR-
responsive transcriptomic dataset revealed that a large number of transcription factors respond to 
BRs, including TINY (AT5G25810) and several of its homologs (TINYs) (Supplemental Figure 
2.1A) (Yu et al., 2011).	To confirm whether TINYs are regulated by BRs, TINY	transcript	
levels were determined using four-week-old WT	and	bes1-D	plants	treated	with	or	without	
brassinolide (BL), the most active BR (Li et al., 2010).	The	expression	of	TINY	and	TINY2	
(At5g11590)	was	increased	by	BL	in	WT	as	well	as	in	bes1-D	(Supplemental	figure	2.1B);	
however	TINY4	(AT4g32800)	was	repressed	by	BL	in	WT	and	bes1-D,	and	TINY3	
(AT2g25820)	was	repressed	by	BL	only	in	bes1-D	mutant. The regulation of TINYs by BRs as 
well as TINY gain-of-function mutant phenotypes suggests that TINY might be involved in BR-
regulated plant growth.  
To test this hypothesis, we first generated transgenic lines overexpressing TINY 
(TINYOE) in WT Arabidopsis. Consistent with the previously reported growth phenotypes, 
TINYOE transgenic lines displayed a stunted growth phenotype, the severities of which 
correspond well with TINY transcript and protein levels (Figure 2.1A; Supplemental Figure 
2.1C). Additionally, we obtained T-DNA knockout mutants for TINY and its homologs 
(Supplemental Figure 2.1D). The single mutants of tiny did not show any obvious growth 
phenotype (Supplemental Figure 2.1E and 2.1F), which is likely due to genetic redundancy. We 
then generated tiny tiny2 tiny4 triple mutants, and observed that tiny tiny2 tiny4 displayed 




performed to test whether tiny tiny2 tiny4 triple mutant phenotype is caused by loss-of-function 
of these genes. Overexpression of TINY in tiny tiny2 tiny4 mutant abolished tiny tiny2 tiny4 
growth phenotype (Supplemental Figure 2.1G). These results support the conclusion that the 
phenotype of tiny tiny2 tiny4 is caused by loss-of-function of TINY and its close homologs.  
In order to determine whether TINY’s negative role on plant growth is related to 
reduced BR response, we tested its response to the BR biosynthesis inhibitor brassinazole (BRZ), 
which reduced endogenous BR and caused reduced hypocotyl elongation (Asami et al., 2000). 
TINYOE plants had shorter hypocotyls in dark and were more sensitive to BRZ compared to WT, 
while tiny tiny2 tiny4 was less sensitive to lower concentrations of BRZ (Figure 2.1C and 2.1D; 
Supplemental Figure 2.2A). We also examined another BR biosynthesis inhibitor propiconazole 
(Pcz) in soil grown plants (Hartwig et al., 2012), from which tiny mutants displayed similar 
results as BRZ response (Supplemental Figure 2.2B-2.2D). We then detected BR responsive 
marker genes (Zhang et al., 2009; Xie et al., 2011; Oh et al., 2012; Yang et al., 2017). BR-
induced plant growth related genes TOUCH4, SAUR9, CESA5 and IAA19 were up regulated in 
tiny tiny2 tiny4, but down-regulated in TINYOE plants (Figure 2.1E), while BR-repressed growth 
inhibitory genes LHY1 and IBH1 were reduced in tiny tiny2 tiny4, but increased in TINYOE 
plants (Figure 2.1F). Taken together, these results demonstrated that TINY negatively regulates 
plant growth by reducing BR signaling. 
2.3.2 BIN2 kinase phosphorylates and stabilizes TINY  
To characterize how BRs regulate TINY, we treated TINYOE plants with BL and 
quantify the hypocotyl elongation. Surprisingly, we found that BL treatment completely rescued 
the defects of hypocotyl elongation observed in TINYOE plants (Figure 2.2A and 2.2B). This 




(Supplemental Figure 2.3A and 2.3B). Without inducer β-estradiol (EST), XVE:TINY-FLAG 
transgenic plants displayed WT like normal growth phenotype, but EST treatment led stunted 
growth, which was rescued by BL treatment. Since TINY has been shown to negatively regulate 
plant growth (Figure 2.1), we then examine whether BR promotes TINY degradation to alleviate 
TINY inhibition effect on plants. As expected, TINY protein was decreased with increasing BL 
concentrations (Figure 2.2C). The degradation of TINY protein was inhibited by proteasome 
inhibitor MG132 (Kisselev et al., 2012), suggesting that TINY protein is regulated by 26S 
proteasome mediated degradation pathway (Figure 2.2D). 
We also observed two bands of TINY protein (Figure 2.2C), which might due to post-
translational modification. To further study how BR promotes TINY degradation, we first 
performed in vivo phosphatase (calf-intestinal alkaline phosphatase: CIP) treatment to test 
whether TINY can be modified by phosphorylation. TINY-FLAG protein was 
immunoprecipitated from TINYOE plants and treated with CIP. The CIP treatment caused TINY 
shift from a higher (phosphorylated) to lower (unphosphorylated) form (Figure 2.2E), suggesting 
that TINY can be phosphorylated in plants.  
BIN2 is a negative regulator in the BR pathway that phosphorylates and inhibits 
BES1/BZR1 function (He et al., 2002; Wang et al., 2002; Yin et al., 2002). BIN2 functions as a 
serine/threonine kinase whose substrates typically contain repeats of a short consensus sequence 
(S/T-X-X-X-S/T, where X corresponds to any amino acid) (Zhao et al., 2002).  Usually, 
phosphorylation by BIN2 affects protein stability and activity (Youn and Kim, 2015). TINY 
protein sequence analysis identified 22 potential BIN2 phosphorylation sites (Supplemental 
Figure 2.3C). Therefore, we hypothesized that BIN2 phosphorylates TINY and affect its stability 




BIN2) and MBP tagged TINY (MBP-TINY) protein to test whether BIN2 can phosphorylates 
TINY in vitro. We observed that TINY was phosphorylated by BIN2 and its phosphorylation 
was inhibited by the BIN2 specific inhibitor bikinin (De Rybel et al., 2009) (Figure 2.2F).  
Next, we found that BIN2 and TINY had interaction in vitro and in vivo. Yeast-two 
hybrid (Y2H) assays using TINY as bait vector and BIN2 as prey showed that TINY-BIN2 
combinations specifically activated the lacZ reporter whereas negative controls did not 
(Supplemental Figure 2.3D). GST tagged TINY (GST-TINY), but not GST alone, pulled down a 
significant amount of MBP tagged BIN2 (MBP-BIN2) protein (Supplemental Figure 2.3E), 
indicating that TINY and BIN2 interacted directly in vitro. We then confirmed TINY and BIN2 
interaction using in vivo BiFC and Co-IP assays. TINY fused to C-terminal YFP (TINY-cYFP) 
and BIN2 fused to N-terminal YFP (BIN2-nYFP) were co-transformed into in N. benthamiana, 
strong fluorescence signal was observed in the nucleus (Figure 2.2G). However, no signals were 
observed in negative controls in which TINY-cYFP or BIN2-nYFP were co-transformed with 
nYFP or cYFP, respectively. In Co-IP assay, FLAG antibody (tagged to TINY) can specifically 
pull down BIN2-GFP co-expressed in Arabidopsis protoplasts (Figure 2.2H; Supplemental 
Figure 2.3F). 
We further explored the biological function of BIN2 phosphorylation on TINY by 
crossing TINYOE (here we used TINY:TINY-FLAG line 2 (Supplemental Figure 2.2G-2.2I) for 
crossing) into BIN2 gain-of-function mutants bin2-1 (Li et al., 2001) or loss-of-function bin2-3 
bil1 bil2 triple mutant (Yan et al., 2009). After crossing TINYOE with heterozygous bin2-1 
plants, we observed two different classes of phenotypes in the F1 generation: bin2-1 
homozygous like (bin2-1 HT TINYOE HT) and TINYOE like (TINYOE HT) with 1:1 ratio (Figure 




found that TINY protein accumulated more in bin2-1 HT TINYO2 HT mutants (Figure 2.2J). 
Additionally TINYOE suppressed bin2-3 bil1 bil2 triple mutant phenotype (Figure 2.2K) and 
TINY protein decreased in bin2-3 bil1 bil2 TINYOE mutant (Figure 2.2L), suggesting that BIN2 
stabilized TINY and the small amount of TINY protein in bin2-3 bil1 bil2 mutant was strong 
enough to inhibit growth. Taken together, both molecular and genetics results demonstrate that 
BIN2 phosphorylates and stabilizes TINY. 
2.3.3 TINY positively regulates drought response 
Given that TINY was induced by stress such as dehydration, cold and salt (Sun et al., 
2008), we hypothesize that TINY promotes stress responses. We next tested TINY’s effect in 
drought. TINYOE plants displayed increased tolerance to drought with significantly higher 
survival rates compared with WT, while tiny tiny2 tiny4 plants were slightly sensitive to drought 
(Figure 2.3A). TINYOE lost water more slowly, but tiny tiny2 tiny4 lost water more quickly in 
detached leaf water loss assays (Figure 2.3B). Given that overexpressed TINY in plants led to 
hypersensitivity to ABA on seed germination and root elongation (Coego et al., 2014) and ABA 
regulated stomatal movement is highly related to drought tolerance (Qi et al., 2018), we 
hypothesize that TINY promotes ABA-induced stomatal closure to confer drought tolerance. We 
measured stomatal aperture and found that TINYOE plants were more sensitive to ABA-induced 
stomata closure, while tiny tiny2 tiny4 mutants displayed resistance (Figure 2.3C and 2.3D). We 
also examined drought responsive marker gene expression (Verslues et al., 2006; Harb et al., 
2010). These drought responsive marker genes were increased in TINYOE, but decreased in tiny 
tiny2 tiny4 (Figure 2.3E). Taken all together, these results demonstrate that TINY positively 





Previously, it was shown that constitutive BR response in bes1-D mutants was 
associated with decreased survival under drought stress (Nolan et al., 2017c; Ye et al., 2017). BR 
pathway negatively regulates drought response by modulating transcription factors including 
RD26 and WRKYs (Chen et al., 2017; Ye et al., 2017). To further explore BR’s role in drought, 
we examined the effect of BR on ABA-mediated stomatal closure and drought responsive genes. 
We first confirmed BR gain-of-function mutant bes1-D and loss-of-function mutant bri1-301 
(Xu et al., 2008) drought phenotype in drought survival (Supplemental Figure 2.4A). bes1-D lost 
water quickly and displayed less sensitivity to ABA-induced stomatal closure, while bri1-301 
lost water slowly and was sensitive to ABA (Supplemental Figure 2.4B, 2.4C and 2.4D). 
Moreover, BES1 negatively regulated drought responsive marker genes (Supplemental Figure 
2.4E), which further confirm BR’s negative role in drought response. 
2.3.4 TINY negatively regulates BR responsive genes 
In order to study how TINY negatively regulate BR response, we performed whole 
transcriptome analysis of four-week old WT, TINYOE, and tiny tiny2 tiny4 plants (Figure 2.4) 
using QuantSeq 3’ mRNA sequencing (QuantSeq) (Moll et al., 2014). Through this analysis, we 
identified 4622 genes that were differentially expressed (DE) in TINYOE compared to WT 
including 2375 up-regulated genes and 2247 down-regulated genes (Supplemental Data Set 2.1). 
Additionally, we identified 581 genes that were DE in tiny tiny2 tiny4 including 377 up-regulated 
genes and 204 down-regulated genes (Supplemental Data Set 2.1). Considering that not many 
DE gene existed in tiny tiny2 tiny4 mutants, as well as its weak growth and drought phenotype, 
we focus more on DE genes in TINYOE. Gene ontology (GO) enrichment analysis of DE genes 
in TINYOE indicated that TINYOE down-regulated genes were implicated in growth related 




growth by TINYOE (Supplemental Figure 2.5A left panel; Supplemental Data Set 2.2). On the 
other hand, TINYOE up-regulated genes were enriched for GO terms associated with stress 
response including “response to stimulus” and “response to stress” (Supplemental Figure 2.5A 
right panel; Supplemental Data Set 2.2). We further compared TINY regulated genes with 
published drought-responsive genes (Maruyama et al., 2009) and found that 324/2503 (12.9%) of 
drought-induced and 430/2503 (17%) drought-repressed genes were regulated by TINY at the 
same trend (Supplemental Figure 2.5B), supporting TINY’s positive role in drought response.  
Since TINY functions to inhibit BR-induced plant growth, we hypothesized that TINY 
regulated genes would oppose to BR-responsive gene expression. To test this idea, we compared 
DE genes in TINYOE to BR-induced and BR-repressed genes previously identified by RNA-seq 
(Supplemental Date Set 2.1) (Yu et al., 2011; Wang et al., 2014; Ye et al., 2017). The results of 
these comparisons showed that BR-regulated genes were largely oppositely regulated by 
TINYOE (Figure 2.4A). Specifically, 479/2678 (17.8%) BR-induced genes were down-regulated 
by TINYOE and 526/2376 (22.1%) of BR-repressed genes were up-regulated by TINYOE. In 
contrast, a smaller proportion of BR-induced genes were induced by TINYOE (264/2678 genes, 
9.8%) or repressed by both BRs and TINYOE (251/2376 genes, 10.5%). Although a significant 
portion of BR regulated genes were DE in tiny tiny2 tiny4, only small portion of BR-regulated 
genes had the same regulation pattern in tiny tiny2 tiny4 (Figure 2.4B). Clustering analysis of BR 
regulated genes (Figure 2.4C) confirmed that many BR-induced genes showed lower expression 
patterns in TINYOE (cluster a) and higher expression in tiny tiny2 tiny4 (cluster b), while BR-
repressed genes had higher expression patterns in TINYOE (cluster c), and lower expression in 





Given that many BR regulated genes are directly regulated by BES1/BZR1 (Sun et al., 
2010; Yu et al., 2011), we compared TINYOE DE genes with BES1/BZR1 target genes 
(Supplemental Data Set 2.1). The comparison showed a high degree of overlap: 2110/4622 
(45.6%) TINYOE regulated genes were BES1/BZR1 targets (Supplemental Figure 2.4C). TINY 
DAP-seq (O'Malley et al., 2016) targets also showed a high degree of overlap: 793/1602 (49.5%) 
with BES1/BZR1 target genes (Supplemental Figure 2.4D). Together, these results suggest that 
TINY and BES1 likely share a common set of target genes.  
TINY was previously reported to bind dehydration-responsive element (DRE) / C-
repeat with a core sequence of A/GCCGAC, as well as ethylene-responsive element (ERE) with 
a core sequence of AGCCGCC (Sun et al., 2008). We next performed promoter enrichment 
analysis to identify promoter elements enriched in TINYOE DE genes. This analysis showed that 
the DRE element and several other elements were highly enriched in the promoter of TINYOE 
DE genes (Supplemental Figure 2.5E; Supplemental Table 2.1). Taken together, our 
transcriptome studies support a role of TINY in modulating BR-responsive transcriptional 
programs largely in opposite ways. 
2.3.5 TINY and BES1 interact in vitro and in vivo 
We then tested whether TINY and BES1 interact to modulate BR responsive gene 
expression. We found that TINY and BES1 interacted directly in Y2H (Figure 2.5A) and GST-
pull down assyas (Figure 2.5B). We next mapped the domain(s) responsible for BES1-TINY 
interactions. TINY has a N-terminal DNA binding domain and a C-terminal activation domain 
(Nakano et al., 2006) (Figure 2.5C). Y2H mapping indicated that only the C-terminal activation 
domain of TINY interacted with BES1 (Figure 2.5D). Additionally, Several truncated GST-




TINY C-terminal (Figure 2.5E). While truncated BES1 (amino acids 198-335) did not interact 
with TINY, suggesting that the domain from 42–198 of BES1 was important for interaction 
(Figure 2.5F). Moreover, BiFC confirmed that TINY and BES1 interacted in the nucleus (Figure 
2.5G). In Co-IP assay, TINYOE and WT plants were treated with BL (more unphosphorylated 
BES1 accumulated) or without BL (more phosphorylated BES1 accumulated) to examine TINY 
interaction with BES1. FLAG antibody (tagged to TINY in TINYOE) can specifically pull down 
phosphorylated and unphosphorylated BES1 in TINYOE plants (Figure 2.5H; Supplemental 
Figure 2.6). 
2.3.6 TINY and BES1 antagonistically control BR-repressed drought responsive genes 
We next explored the mechanisms by which TINY and BES1 regulate BR responsive 
genes. We chose drought responsive marker gene RD29A, which was induced by TINY (Figure 
2.3E) but repressed by BR (Supplemental Figure 2.4E), for further analysis. Sequence analysis 
showed that the RD29A promoter contained several G-box (CACGTG) and DRE (A/GCCGAC) 
elements (Figure 2.6A). The G-box element was previously shown to be a conserved binding 
motif for BES1 (Yu et al., 2011). Therefore, we performed electrophoretic mobility shift assay 
(EMSA) experiments with recombinant TINY and BES1 proteins using a 272 bp RD29A 
promoter fragment containing four DRE and two G-box elements as DNA probes. These 
experiments showed that TINY and BES1 bind to wild type (WT) RD29A probes, while TINY 
and BES1 binding ability was abolished with mutation of DRE (mDRE) or G-box (mG-box), 
respectively (Figure 2.6B, lane 5-14).  
Interestingly, when TINY and BES1 were added together, a higher molecular weight 
band was observed (Figure 2.6B, lane15 and 16), suggesting that BES1 and TINY can bind to 




when probes containing a mutated DRE or G-box element, or when both G-box and DRE 
element mutations were combined (Figure 2.6B, lane 17-19). To further confirm the higher 
molecular weight corresponded to the TINY and BES1 complex, we fixed either TINY or BES1 
protein concentrations, and gradually added the other protein. The formation of the higher 
molecular weight corresponding to TINY and BES1 was stronger with increasing the amount of 
the other protein added (Supplemental Figure 2.7A, lane 2-5, and 6-10). Moreover, we added 
either TINY or BES1 antibody which caused the TINY-BES1 complex to super shift 
(Supplemental Figure 2.7A lane 11 and 13), confirming that the high molecular weight band 
corresponds to the TINY-BES1 complex.  
We also performed ChIP assays in WT and TINYOE plants with FLAG and BES1 
antibodies. As shown in Figure 6C, TINY binding to the RD29A promoter (- 231 to - 403bp 
region containing DRE and G-box) in TINYOE but not in WT (Figure 2.6C, columns 3 and 4). 
BES1 itself bind to RD29A promoter both in WT and TINYOE plants (Figure 2.6C, columns 5 
and 6). In contrast, such binding was not detected in the more upstream ~3 kb promoter region 
(Figure 2.6C, columns 7-12). The same binding was also observed on COR15A promoter (Figure 
2.6C, columns 13-18; Supplemental Figure 2.7B). Taken together, our results illustrate that 
TINY interacts with BES1 and they simultaneously bind to drought responsive genes promoter 
in vitro and in vivo. 
To test how TINY and BES1 affect RD29A and COR15A gene expression, we then 
generated promoter:Luciferase (LUC) reporter of these genes by fusing about 1kb promoter 
sequence with a LUC reporter. Transient expression of TINY and BES1 with reporter in N. 
benthamina showed that TINY alone activated RD29A and COR15A promoters, while BES1 




expressed, TINY and BES1 mutually inhibited each other’s function in the regulation of these 
two genes’ promoter activity. We further checked the regulation of TINY and BES1 on mutated 
RD29A promoter DRE motifs (mDRE) and G-box (mG-box) (Figure 2.6F; Supplemental Figure 
2.7D). Mutation of TINY binding sites (mDRE) on RD29A compromised TINY-mediated 
activation. Similarly, Mutation of BES1 binding sites (mG-box) compromised BES1-mediated 
repression. However, mutation of both TINY and BES1 binding sites compromised TINY and 
most BES1 effect on these promoters. Taken together, these results indicate that TINY and BES1 
interact and antagonize each other’s transcriptional activities on drought responsive genes by 
binding to their corresponding target sites.  
2.3.7 TINY and BES1 antagonistically control BR-induced growth related genes 
To test how TINY affect BR-induced growth related genes, we chose two BR-induced 
genes CESA5 and IAA19 that are down-regulated in TINYOE (Figure 2.1E). The promoters of 
these genes contain several DRE and E-box elements (Figure 2.7A). ChIP assays indicated that 
TINY and BES1 bind to CESA5 and IAA19 promoter (Figure 2.7B and 2.7C). We preformed 
promoter:Luciferase (LUC) reporter analysis. TINY alone repressed both promoters, while BES1 
alone activated both promoters (Figure 2.7D and 2.7E; Supplemental Figure 2.8A). When co-
expressed, TINY and BES1 showed antagonistic effect on CESA5 and IAA19 promoter activity, 
respectively (Figure 2.7D and 2.7E; Supplemental Figure 2.8A). TINY and BES1 regulation on 
IAA19 was further confirmed using mutated IAA19 promoter with DRE motifs (mDRE) and E-
box (mEbox). Similarly to RD29A, mutation of TINY binding sites (mDRE) compromised 
TINY-mediated activation and mutation of BES1 binding sites (mE-box) compromised BES1-
mediated repression. Taken together, these results indicate that TINY and BES1 also antagonize 





Plants need to adjust growth and stress response under different environmental 
conditions. In this study, we demonstrated that TINY plays important roles in BR-regulated plant 
growth and drought responses (Figure 2.7G). Under drought conditions, TINY is induced to 
promote drought response by activating drought responsive gene expression and inhibiting BES1 
repression on these genes. At the same time, TINY inhibits BR-regulated plant growth by 
reducing the expression of BR-induced and growth related genes. Under normal growth 
conditions, BR signaling inhibits TINY function through several mechanisms. Firstly, BR 
signaling reduces TINY protein level by inhibiting the activity of BIN2 kinase that stabilizes 
TINY protein. Secondly, TINY activation of drought-induced genes and inhibition on BR-
regulated genes are inhibited by BES1 that accumulates in response to BRs. Our results thus 
demonstrate that TINY both modulates BR-regulated gene expression and is regulated by BR 
signaling to promote drought response and to inhibit plant growth. 
The genetic and physiological results demonstrate that TINY plays negative role in BR-
induced plant growth (Figure 2.1, Supplemental Figure 2.2). TINY overexpression led to a dwarf 
phenotype resembling BR loss-of function mutants with increased sensitivity to the BR-
biosynthesis inhibitor BRZ and Pcz in hypocotyl elongation and petiole length assays 
respectively. This conclusion was further supported by tiny tiny2 tiny4 triple mutant that 
displayed enlarge growth and less sensitivity to reduced BR levels caused by BRZ and Pcz 
treatments. TINY also negatively regulate BR responsive genes involved in cell elongation 
(Figure 2.1E and 2.1F). Furthermore, we revealed that TINY negatively regulates BR responsive 
genes at global level (Figure 2.4). A large proportion of BR-induced genes are down-regulated in 




TINY plays positive role in drought response. Previous findings suggested that TINY 
had potential effect on drought tolerance, as TINY was induced during dehydration and 
overexpression of TINY led to increased drought responsive gene expression (Sun et al., 2008). 
Our drought survival assay and drought responsive marker genes expression studies confirmed 
that TINY was required for drought tolerance. TINYOE had higher survival rate under drought 
condition associated with increased drought responsive gene expression, while tiny tiny2 tiny4 
were slightly sensitive to drought and had compromised drought responsive gene expression.  
(Figure 2.3A and 2.3E). TINY positive role in drought tolerance was mediated by ABA 
promoted stomatal closure. The positive regulation of TINY in ABA pathway was previously 
reported in seed germination and root growth (Coego et al., 2014). Here, we found that TINY 
promoted ABA-induced stomatal closure to allow slow water losing during stress, while loss-of-
function tiny mutant lost this ability (Figure 2.3B, 2.3C and 2.3D).  
Most recent studies indicated that BRs negatively regulate drought response, as bes1-D 
mutants had decreased survival under drought stress, whereas bri1-301, loss-of-function BR 
mutant had increased survival rates (Nolan et al., 2017c; Ye et al., 2017) (Supplemental Figure 
2.4A). We also found that BR negatively regulates ABA-mediated stomatal closure and drought 
responsive genes (Supplemental Figure 2.4C-2.4E). BRs have antagonistic interactions with 
ABA from receptors to transcription factors (Nolan et al., 2017a) and stress induced ABA 
activate BIN2 kinase activity (Wang et al., 2018).  
In this study, we defined the mechanism by which BES1 and TINY inhibit each other’s 
function on BR-induced plant growth and BR-repressed drought responsive genes. Global gene 
studies indicated that TINY and BES1 regulated a significant set of genes in opposite ways 




Figure 2.5C). Further molecular studies indicated that BES1 and TINY could bind to 
corresponding DNA binding sites and inhibit each other’s activities through BES1-TINY 
interactions (Figure 2.5-2.7). This finding expands our understanding of BR-drought crosstalk at 
transcriptional level. Our recent studies indicated that BES1 and NAC transcription factor RD26 
antagonize each other’s transcriptional activities to mediate BR-drought crosstalk (Ye et al., 
2017). However, unlike RD26 and BES1, which likely form a heterodimer on the same promoter 
element to antagonize each other’s function (Ye et al., 2017), TINY and BES1 bind to different 
binding sites to inhibit each another on growth and drought responsive genes (Figure 2.6 and 2.7). 
This reciprocal transcriptional inhibition provides additional insight into the mechanisms plants 
use to balance BR-induced growth and drought stress responses. 
Another major finding of this study is that BR signaling negatively regulates TINY 
functions through several mechanisms.  First, we found that BR signaling promotes TINY 
degradation through BIN2 kinase (Figure 2.2). BIN2 is a negative regulator in the BR pathway 
and phosphorylates BES1/BZR1 as well as many substrates involved in diverse pathways 
involved in plant development and stress responses (Youn and Kim, 2015). BIN2 
phosphorylation often affects stability of BIN2 substrates, such as MYBL2, PIF4, HAT1 and 
WRKY (Ye et al., 2012; Bernardo-Garcia et al., 2014; Zhang et al., 2014; Chen et al., 2017). Our 
studies revealed that BIN2 phosphorylates and stabilizes TINY. Consistent with this idea, TINY 
protein was more stable in gain-of-function bin2-1 plants but less stable in BIN2 loss-of-function 
bin2-3 bil1 bil2 mutants. These results indicate that BR signaling inhibits TINY accumulation 
and thus preventing TINY from unwanted activation of drought responses under normal growth 
conditions. Furthermore, given that BIN2 activity was activated by ABA, BIN2 phosphorylation 




In summary, this study revealed TINY’s function in BR-regulated growth and drought 
response. While TINY functions to promote drought response and inhibits plant growth under 
drought condition, BR signaling inhibits TINY functions through BIN2 kinase and BES1 
repression of TINY-activated drought gene expression to prevent unnecessary stress response 
under normal conditions. Future identification of TINY interacting partners and target genes 
could further our understanding of the mechanisms by which TINY controls BR-regulated 
growth and drought responses.  
2.5 Methods 
Plant materials, growth condition and hormone responses.  
Arabidopsis thaliana accession Columbia (Col-0) was used as wild type (WT) along 
with previously described mutants: bes1-D (Yin et al., 2002), bin2-3 bil1 bil2 (Yan et al., 2009), 
and bin2-1 (Li et al., 2001). T-DNA insertion mutants, tiny (AT5G25810, SALK_206788), tiny2 
(AT5G11590, SALK_202794), and tiny4 (AT4G32800, SALK_149004) were obtained from 
ABRC (Arabidopsis Biological Resource Center) and genotyped before use. Seeds were 
sterilized using 70% ethanol contained 0.1% Triton X-100 and grown on ½ Linsmaier and Skoog 
(MS) (LS; Caisson Laboratories) plates or in soil under long day (16 h light / 8 h dark) or short 
day (8 h light / 16 h dark) at 22 °C unless otherwise specified.  
BRZ and brassinolide (BL) response was carried out with sterilized seeds on various 
concentrations of BRZ (Asami et al., 2000) and BL (Li et al., 2010) plates. About 20~30 seeds of 
each genotype were spread on three individual BRZ and BL plates per concentration. BRZ and 
BL Plates with seeds were placed at 4 °C for 3 days for stratification. BRZ plates then were 
exposed to light for 8 h, and put in the dark for 7 days at room temperature. BL plates were put 




hypocotyls were measured using Image J. Statistic analysis was carried out and variances of 
population (SD) were calculated from three individual plates results. BRZ and BL response 
experiments were repeated at least 3 times. 
For propiconazole (Pcz) (Hartwig et al., 2012) treatment in soil, Pcz (Syngenta) was 
directly dissolved in water. All genotypes we tested were grown in the same tray and randomly 
assigned with or without 250uM Pcz from the beginning of transferring into soil to the end of 
leaf measurement. Four trays were included for each trail experiment. The fifth leaves of plants 
were measured for petiole.  
Plasmid constructs and generation of transgenic plants 
TINY coding region cloned from WT, including BES1 promoter and 2034bp of its 
native promoter was fused with FLAG tag into pZP211 vector (Yin et al., 2002). TINY coding 
region was also cloned into pMDC7 to generate estradiol (Jung et al., 2015) inducible 
overexpression lines. All constructs were generated using standard restriction enzymes digestion 
and DNA sequencing confirmation.  
For transgenic plants, plasmid constructs were transferred into Agrobacterium 
tumefaciens (strain GV3101) and transformed into plants by the floral-dip method (Clough and 
Bent, 1998). The transgene expression was confirmed by western blotting using anti-FLAG 
(Sigma-Aldrich, F7425) antibody. TINYOE (BES1:TINY-FLAG) line 3 was used for most 
experiment unless otherwise specified. T3 homozygous plants were used for all experiment. 
Other antibodies: anti-MYC (Sigma-Aldrich, AV38156), anti-BES1 (Yin et al., 2002), anti-GFP 
(Nolan et al., 2017c), anti-MBP (NEB) and anti-TINY (generated ourselves) were used in this 
study. HERK1 (Guo et al., 2009) antibody served as internal control. All primers used in this 




Kinase and CIP assay.  
About 1 ug MBP, MBP-TINY, and GST-BIN2 were incubated into 20 ul kinase buffer 
(20 mM Tris [pH 7.5], 100 mM NaCl, and 12 mM MgCl2) contained 10 uCi P32-γ-ATP. 
Reaction was incubated at 37 °C for 1 hour and then stopped by adding 20 ul 2X SDS buffer. 
After boiling at 94 °C for 5 min. Proteins were resolved on PAGE gel and dried. Phosphorylation 
images were detected using Typhoon FLA 9500 system.  
For CIP treatment, TINY-FLAG was first immunoprecipited from TINYOE transgenic 
plants. About 1g homogenization plants tissue was incubated with 5ml immunoprecipitation (IP) 
buffer (100mM Tris-HCl, pH7.4, 75mM NaCl, 1mM EDTA, 0.05% SDS, 10% glycerol, 0.1% 
Trition X-100 and proteinase inhibitor cocktail (Sigma-Aldrich)) 30-40 min, following by adding 
20ul anti-FLAG magnetic beads (Sigma-Aldrich, M8823) and incubating 1 hour. The collecting 
beads were wash with IP buffer 3 times and saved for CIP treatment.  About 1ug 
immunoprecipitated TINY-FLAG proteins were treated with 10 units calf-intestinal alkaline 
phosphatase (CIP) (NEB) at 37 °C for 0.5 hour. The reaction was stopped by adding 20 ul 2X 
SDS buffer and resolved on PAGE gel.  
Drought assays.  
Drought stress experiments were carried out as described previously (Chen et al., 2017) 
with minor modifications. 7-day-old seedlings were transferred into weighted soil. All genotypes 
we tested were grown in the same tray and randomly assigned, and grown for three more weeks 
in the long day growth chamber withholding water. Four trays were included for each trail 
experiment. After re-watering the plants for 2 days, the numbers of survived plants were counted.  
For detached leaf water loss assays, rosette leaves at the same developmental stages 




the indicated time. The fresh weights were monitored at each time point. Water loss represents 
proportion of total weight lost compared with initial fresh weight. 
For ABA-mediated stomatal closure, four-week-old fully expanded Arabidopsis plants 
were floated with abaxial side up in MES/KOH buffer (50 mM KCl, 10 mM MES-KOH, pH 
6.15) at room temperature and 120 µmol·m-2·s-1 light 2.5 h. Once the stomata were fully open,10 
µM ABA and control solution were add to buffer for another 3 h under light conditions. The 
epidermal strips were immediately peeled from the abaxial surface of leaves, and stomatal 
apertures image were taken using Olympus BX40 and analyzed by ImageJ. To avoid any 
rhythmic effects on stomatal closure, experiments were started at the same time during the day. 
Three leaves per genotype and four images per leaves were used for data analysis.  
Gene expression and QuantSeq analysis.  
For gene expression studies, total RNA was extracted from different genotypes of four-
week-old plants using the RNeasy Mini Kit (Qiagen). cDNA generated using iScript Reverse 
Transcription Supermix (Bio-Rad) was used for gene expression studies. SYBR GREEN PCR 
Master Mix (Applied Biosystems) and Mx4000 multiplex Quantitative CR System (Stratagene) 
were used for quantitative real-time PCR analysis with two technical replicates and three 
biological replicates. Statistic analysis was carried out and variances of population (SD) were 
calculated from three biological replicates. UBQ5 was used as the internal control. 
For QuantSeq analysis, total RNA was extracted from four-week-old plants using Zymo 
DirecZol kit (ZYMO RESEARCH). RNA concentrations and quality were analyzed using AATI 
Fragment Analyzer with Standard Sensitivity RNA Analysis Kit (DNF-489-0500). 
Approximately 500ng of RNA was used for library construction via the QuantSeq 3’ mRNA-Seq 




reads). FASTQ files for each sample were subject to quality control, trimming and mapped to the 
Arabidopsis TAIR10 genome using the BlueBee A. thaliana (TAIR10) Lexogen QuantSeq 2.2.2 
FWD pipeline. For differential expression analysis, the R package DEseq2 
(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) was used to test the null 
hypothesis that expression of a given gene is not different between two genotypes. This null 
hypothesis was tested using a model with a negative binomial distribution. P-values of all 
statistical tests were converted to adjusted p-values (q-values) (Benjamini and Hochberg, 1995). 
A false discovery rate of 10% (q-value) was used to account for multiple testing.  
Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to perform the 
comparisons of DE genes. Clustering analysis used the “aheatmap” function of the NMF package 
in R (https://cran.r-project.org/web/packages/NMF/index.html). BINGO (Maere et al., 2005) was 
used for GO term enrichment analysis. Promoter analysis was conducted using DREME (Bailey, 
2011) with 1kb upstream sequences downloaded from 
https://www.arabidopsis.org/tools/bulk/sequences/index.jsp. All TAIR10 promoters were used as 
background when determining enrichment in promoter analysis.  
Protein–protein interaction experiments.  
For the yeast two-hybrid assays, TINY and it fragments were cloned into bait pGBKT7 
vectors (Clontech), while BES1 and BIN2 was cloned into prey vector pGADT7 (Clontech). The 
constructs were transformed into yeast strain Y187 and screened using medium lacking Trp and 
Leu. The lacZ reporter activity was measured using X-gal (5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside) according to the manufacturer’s protocol (Clontech).  
GST pull-down assays were conducted using TINY, BES1 and BIN2, which were clone 




tagged protein. The recombinant proteins were purified using either glutathione beads (Sigma-
Aldrich) or amylose resin (NEB). Approximately 2ug of proteins were mix into 1ml of pull-
down buffer (50mM Tris-HCl, pH7.5, 200mM NaCl, 0.5% Trition X-100, 0.5mM β-
mercaptoethanol, and proteinase inhibitor cocktail), and incubated at room temperature for 2h. 
The incubation reaction mixture were then pulled down by glutathione-sepharose beads for 
another 1h and followed 8 times wash with the same pull-down buffer. The pull-down protein 
were separated on 8% SDS-PAGE gel and detected by anti-MBP antibody (NEB). 
BiFC experiments were conducted as previous described (Ye et al., 2012). Briefly, 
TINY and BES1 cDNAs were cloned into the N- or C terminus of eYFP vectors. Agrobacteria 
were grown in LB medium containing 0.2 M acetosyringone overnight,  and washed and 
resupendended to OD600 0.5 with ½ MS infiltration medium. Combinations of Agrobacterium 
were transient expressed in N. benthamiana leaves. YFP signals were detected by Leica (Leica 
Microsystems) SP5 X MP confocal microscope after 1.5 days infiltration.  
For Co-IP experiments, Arabidopsis protoplasts that transformed with tested vectors 
and 0.5 g TINYOE transgenic line and WT were homogenized in protein lysis buffer 1 h (10% 
glycerol, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 0.1% NP40, 1mM PMSF, 20uM MG132 and 
1 complete cocktail protease inhibitors per 10ml buffer). Anti-FLAG antibody (5ug) was pre-
bind to protein G Dynabeads 30 min in PBS buffer and the beads were washed two times with 
PBS buffer following the manufacturer’s instruction (Fisher 10003D). After protein extraction, 
10ul Anti-FLAG pre-bind Dynabeads was added to total proteins for another 1 h at 4 °C. 
Dynabeads was precipitated using DynaMagnetic rack (Fisher 12321D) and washed at least four 
times with the protein extraction buffer. After eluted by 2X SDS buffer with boiling for 5 min. 




EMSA experiments.   
EMSA experiments were carried out as previously described (Yin et al., 2005). About 
200ng PCR generated RD29A promoter fragments were labeled with P32-γ-ATP using T4 
polynucleotide kinase (PNK) (NEB). Specifically, 20 unit PNK and 50 uCi P32-γ-ATP were 
mixed together at 37℃ for one hour. The labeled probes were purified using gel	extraction	kit	
(Qiagen)	following the manufacturer’s instruction, and determined labeling specificity by 
scintillation counter. For binding reaction, in 20 ul reaction binding buffer (25 mM HEPES-KOH 
[pH 8.0], 1 mM DTT, 50 mM KCl and 10% glycerol), about 0.2 ng probe and indicated amount 
of purified proteins were mixed together to incubate on ice for 30 to 40min. The reaction 
mixtures were resolved on 5% native polyacrylamide gels with 1X TGE buffer (3.3g/L Tris, 
14.3g/L glycine and 0.39g/L EDTA [pH 8.7]).  
Chromatin immunoprecipitation (ChIP) 
ChIP was performed as previously described with modifications (Nolan et al., 2017b). 
Briefly, 3 g of two-week-old plants were fixed in 1% formaldehyde for nuclei and chromatin 
isolation. The chromatin was sheared with 14 cycles of 10-s on and 1 min off in ice water bath 
using Diagenode Bioruptor Sonication System. 5 ug anti-FLAG, anti-BES1,or anti-IgG 
(Millipore Sigma 12-370) were used to immunoprecipitate chromatin, which was collected with 
30 ul protein A Dynabeads (Fisher 10003D). The enrichment of specific transcription factors was 
examined by qPCR with primers from indicated regions and the averages and SD were derived 
from three biological repeats. 
Promoter activity analysis. 
The promoter transient expression analysis was performed as previously described (Ye 




reporter (Ye et al., 2017). The reporters were co-expressed with TINY or BES1 or both into N. 
benthamiana leaves. Equal amount of individual agrobacteria culture (OD600~0.6) with control 
vectors or the combination of that were infiltrated into N. benthamiana leaves. The LUC 
activities were measured following the manufacturer’s instruction (Promega) and using Berthold 
Centro LB960 luminometer. The relative LUC activity was normalized to the total protein 
content. Western blotting was used to ensure proper expression of effectors such as BES1 or 
TINY. 
Supplemental Data 
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Supplemental Figure 5. TINY positively regulate drought but negatively regulate 
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Supplemental Figure 6.	TINY and BES1 interaction revealed by co-IP assay.  
Supplemental Figure 7. TINY and BES1 simultaneously bind to RD29A.  
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2.8 Figures  
 
Figure 2.1. TINY negatively regulates plant growth by inhibiting the BR pathway. (A) Growth 
phenotype of four-week-old WT and TINOE (line 3 and 8) plants. The sixth leaves of plants 
were measured for petiole length. Data represent mean ± SD, n=30-36. Significant differences 
were base on Student’s t-test (* P < 0.05, ** P < 0.01), which is applied to all other experiments 
in this study. (B) Phenotype of four-week-old WT and tiny tiny2 tiny4 plants. Data represent 
mean ± SD, n=15-22. (C-D) BRZ sensitivity of TINYOE and tiny tiny2 tiny4 plants. 7-day-old 
seedlings were grown on ½ MS medium with different concentration of BRZ in dark (C). 
Hypocotyls were measured using ImageJ (D). Data represent mean ± SD from three biological 
replicates, each replicate contained 12-15 seedlings. (E-F) BR regulated gene expression in TINY 
mutants. mRNA was extracted from four-week-old plants for BR-induced genes analysis (E) and 





Figure 2.2. TINY is phosphorylated and stabilized by BIN2. (A-B) BL responses of TINY 
mutants. 7-day-old plants grown on ½ MS medium, containing different concentration BL under 
light (A). Hypocotyl lengths were measured using ImageJ (B). Data represent mean ± SD from 
three biological replicates, and each replicate contained 12-15 plants. (C) TINY-FLAG protein 




BL concentration 7 days and collected to detect TINY protein with anti-FLAG antibody. (D) 
TINY-FLAG protein accumulates after MG132 treatment.  Two-week-old seedlings were treated 
with 50uM MG132 at different time course and TINY-FLAG protein was measured with FLAG 
antibody. (E) TINY was phosphorylated in plants. TINY-FLAG protein was immunoprecipitated 
from seven-day-old TINYOE (Line 3 was used for most experiments unless otherwise specified) 
seedlings and treated with calf-intestinal alkaline phosphatase (CIP). Phopsphorylated TINY (P) 
was indicated. (F) BIN2 phosphorylated TINY. MBP-TINY but not MBP was phosphorylated by 
BIN2 in the in vitro kinase assay. BIN2 phosphorylation of TINY was inhibited by different 
concentration of bikinin. (G) TINY interacted with BIN2 in vivo by BiFC. Co-transformation of 
TINY-cYFP and BIN2-nYFP led to the reconstitution of YFP activity in N. benthamian nucleus 
under YFP filter, whereas co-expression of TINY-cYFP and nYFP or BIN2-nYFP and cYFP did 
not produce any positive YFP signal. (H) Co-immunoprecipitation assay showed TINY and 
BIN2 interaction in vivo. TINY-FLAG and BIN2-GFP as well as control vectors were co-
transformed into Arabidopsis protoplast overnight. After 20uM MG132 treatment, protoplasts 
were collected and protein was immunoprecipitated with anti-FLAG and detected with anti-
FLAG and anti-GFP antibodies. (I) Phenotype of three-week old bin2-1 TINYOE double mutant 
(TINY:TINY-FLAG line 2 was used for cross) in F1 generation. (J) TINY protein level in bin2-1 
TINYOE double mutant from (I). (K) Phenotype of four-week old bin2-3 bil1 bil2 TINYOE 
homozygous mutant (TINY:TINY-FLAG line 2 was used for cross). (L) TINY protein level in 








Figure 2.3. TINY positively regulates drought responses. (A) Plant phenotypes for indicated 
lines after drought recovery assays. Phenotype of plants before drought (top), after drought 
(middle) and two days after re-watering (bottom). The survival rate after recovery was 
determined (bottom). Data represent mean ± SD from four individual tray results. Each tray 
contained 20-25 plants. (B) Detached leaf water loss assays. Leaves with similar developmental 
stages were detached and weighed at the indicated time. Water loss represents proportion of total 
weight lost compared with initial weight. Data represent mean ± SD from four to five biological 
replicates. (C) Representative stomata images of indicated genotypes. Epidermal peels of 
indicated genotypes were treated with or without 10 µM ABA for 3 h after pre-open stomatal 3h 
under light. Scale bars indicated 10 µm. (D) Stomatal apertures of indicated genotypes. Data 
represent mean ± SD from three individual biological replicates. Each replicates quantified 50-60 
stomata from three individual leaves. (E) Drought responsive genes expression level in TINY 
mutants. Four-week-old plants were extracted mRNA to examine gene expression level. Data 






Figure 2.4. TINY regulation on BR responsive genes. (A-B) Venn diagram showing overlaps 
among BR-regulated genes and genes DE in TINYOE and tiny tiny2 tiny4 from QuantSeq. Red 
circle indicated genes differentially regulated by TINY and BR (C) Clustering analysis of genes 
DE in TINYOE and tiny tiny2 tiny4. The color legend indicates normalized gene expression value 
among genotypes. The cluster a indicates BR-induced genes down-regulated in TINYOE, cluster 
b indicates BR-induced genes up-regulated in tiny tiny2 tiny4 mutant.  The cluster c indicates 
BR-repressed genes up-regulated in TINYOE, cluster d indicates BR-repressed genes down-









Figure 2.5. TINY interacts with BES1 in vitro and in vivo. (A) TINY interacted with BES1 in 
yeast as detected by β-galactosidase (LacZ) activity. (B) TINY interacted with BES1 in GST 
pull-down assay. Approximately equal amounts of GST, GST-TINY and MBP-BES1 were used 
in the assays, as shown by a coomassie-stained gel (bottom). Asterisks indicated the desired 
protein. BES1 was detected by western blotting using anti-MBP antibody. (C) Schematic 
diagram of TINY protein structure and the domain involved in BES1 interaction. N-BD, DNA 
binding domain; C-AD, C-terminal activation domain. Asterisks indicated putative BIN2 
phosphorylation sites. (D) TINY C terminal (C-AD) interacted with BES1 in yeast. (E) 




GST pull-down assay. The full-length BES1 (amino acids 1–335), including the DNA binding 
domain (DNA BD), BIN2 phosphorylation domain (Phospho), PEST motif and the C-terminus, 
as well as various deletions, is shown in (E). Approximately equal amounts of proteins were used 
in the assays, as shown by a coomassie-stained gel (bottom). TINY was detected by Western 
blotting with anti-MBP antibody. Asterisks showed the desired protein. (G) TINY interacted 
with BES1 in vivo by BiFC. Co-transfection of TINY-cYFP and BES1-nYFP led to the 
reconstitution of YFP activity in N. benthamian, whereas co-expression of TINY-cYFP and 
nYFP or BES1-nYFP and cYFP did not produce any positive YFP signal. (H) Co-
immunoprecipitation assay showed TINY and BES1 interaction in vivo. WT and TINYOE were 
pre-treated with 50 µM MG132 with or without BL 4 hours for immunoprecipitation with anti-







Figure 2.6. TINY and BES1 had reciprocal inhibition on drought responsive genes. (A) 
Schematic diagram of the promoter region of RD29A. Wild-type (WT) with DRE and G-box 
were indicated. mDRE: the mutation of DRE element; mG-box: the mutation of G-box ; 
mDRE&G-box: the mutation of both DRE and G-box elements. (B) TINY and BES1 bind to 




contained WT or mutated forms from (A) were used as probes for DNA binding assay. WT or 
mutated probes were labeled with P32-γ-ATP and indicated amount (ng) of proteins were used for 
reaction. Asterisks show the corresponding bands indicated on the right. (C) TINY and BES1 
bind to RD29A and COR15A promoter simultaneously in ChIP assays. WT and TINYOE plants 
were used to prepare chromatin and ChIP with antibodies against FLAG, BES1 or IgG as 
control. The ChIP products were used to detect promoters containing DRE and G-box and about 
3,000 bp upstream of the transcriptional start site of RD29A as control. Data represent mean ± 
SD from three biological replicates. (D-E) Transient gene expression assays were performed in 
tobacco leaves with indicated gene promoters:LUC reporter co-transfected with TINY and/or 
BES1 in N. benthamiana. The relative expression levels of luciferase were normalized with total 
protein. Data represent mean ± SD from three to five biological replicates. (F) Transient gene 










Figure 2.7. TINY and BES1 antagonistically regulate BR-induced and growth related genes. (A) 
Schematic diagram of the promoter region of CESA5 and IAA19. (B-C) TINY and BES1 bind to 
CESA5 (B) and IAA19 (C) promoter simultaneously in ChIP assays. Data represent mean ± SD 
from three biological replicates. (D-E) Transient gene expression assays were performed in 




BES1 N. benthamiana. The relative expression levels of luciferase were normalized with total 
protein. Data represent mean ± SD from three to five biological replicates. (F) Transient gene 
expression assays about RD29A WT, mutated DRE or G-box or mutation of both DRE&G-box 
reporter. (G) A working model for TINY in BR-regulated plant growth and drought response. 
TINY inhibits plant growth and promotes drought response. Under normal condition (left), BR 
promotes TINY degradation though BIN2 phosphorylation and 26S proteasome pathway to 
alleviate TINY’s inhibitory effect on BR-induced plant growth. BR-induced accumulation of 
BES1 also inhibits TINY-activation of drought responsive genes to further facilitate plant 
growth. Under drought condition (right), TINY is induced at transcriptional level to promote 









Supplemental Figure 2.1. TINY inhibits plant growth. (Supports Figure 2.1) (A) Phylogenetic 
tree of AP2/ERF A4 family (TINYs) proteins from Arabidopsis. The tree was carried out by 
clustalW2. (B) TINYs genes expression was examined. Four-week-old WT and bes1-D treated 
with 1uM BL or mock control for 3 hours. Data represent mean ± SD from three biological 




TINYOE plants. Three-week-old plant was used for analysis. Data represent mean ± SD from 
three biological replicates. (D) Schematic representation of T-DNA knockout alleles of TINYs. 
The position of exons (black boxes) and T-DNA insertions are indicated (left panel). RT-PCR 
indicated that the expression of TINYs was knocked out in tinys single mutant (right panel). (E) 
Phenotype of four-week-old single T-DNA insertion mutants. (F) The petiole length, blade width 
and blade length of WT and single mutants from (E). The sixth leaves of plant were measured. 
Data represent mean ± SD, n=12-18. (G) Transgenic complementation of tiny tiny2 tiny4 mutant 




Supplemental Figure 2.2. TINY negatively regulates BR signaling. (Supports Figure 2.1) (A) 
TINYOE and tiny tiny2 tiny4 relative hypocotypl length normalized with control BRZ treatment. 
(B-D) Pcz sensitivity of TINY mutants. Four-week-old adult plants watering with 250uM Pcz 
(bottom) and mock control (top) in long day condition (B). The sixth leaves of plants were 
measured for petiole length (C). And the relative petiole was normalized with control Pcz 
treatment (D). Data represent mean ± SD from three individual tray replicates, each tray 









Supplemental Figure 2.3. BR promotes TINY protein degradation by BIN2. (Supports Figure 
2.2)(A-B) BL response of XVE:TINY-FLAG lines. Phenotype of 7-day-old plants grown on ½ 
MS medium contained β-estradiol with different concentration of BL in light (A). Seedlings 
hypocotyl length was measured (B). Data represent mean ± SD, n=28-36. The experiments were 
repeated three times with similar results. (C) Schematic representation of TINY protein putative 
BIN2 phosphorylation sites. Bold letter with underline mark indicated the putative BIN2 




in GST pull-down assay. BIN2 was detected by western blotting using anti-MBP antibody. (F) 
Full Co-IP image for TINY and BIN2 interaction. (G-I) Phenotype (G), TINY protein (H) and 
transcript level (I) of TINY:TINY-FLAG transgenic plants. Four-week-old plant was used for 








Supplemental Figure 2.4. BR pathway negatively regulates drought response. (Supports Figure 
2.3) (A) Plant phenotypes for indicated lines after drought recovery assays. Phenotype of plants 
before drought (top), after drought (middle) and two days after re-watering (bottom). The 
survival rate after recovery was determined (bottom). Data represent mean ± SD from four 
individual tray results. Each tray contained 50-60 plants. (B) Detached leaf water loss assays. 
Leaves with similar developmental stages were detached and weighed at the indicated time. 
Water loss represents proportion of total weight lost compared with initial weight. Data represent 
mean ± SD from five biological replicates. (C) Represent stomata image of indicated genotypes. 
Epidermal peels of indicated genotypes were treated with or without ABA for 3 h after pre-open 
stomatal. Scale bars indicated 10 µm. (D) Stomatal apertures of indicated genotypes from (A). 
Data represent mean ± SD from three individual biological replicates. (E) Drought responsive 
genes expression level in bes1-D mutants. Four-week-old plants were extracted mRNA to 








Supplemental Figure 2.5. TINY positively regulate drought but negatively regulate growth 
revealed by globe gene expression. (Supports Figure 2.4) (A) The list of top 20 significant 
enriched GO terms about DE genes in TINYOE as ranked by false discovery rate (FDR). (B) 
Venn diagram showing overlaps among drought-regulated genes and genes DE in TINYOE from 
QuantSeq. (C-D) The comparison of DE genes in TINYOE with BES1/BZR1 target genes from 
chromatin immunoprecipitation datasets (C) and DAP-seq (O'Malley et al., 2016) (D). (E) DRE 









Supplemental Figure 2.6. Full image about TINY and BES1 interaction revealed by co-IP assay. 







Supplemental Figure 2.7. TINY and BES1 simultaneously bind to RD29A. (Supports Figure 2.6) 
(A) TINY and BES1 bind to RD29A promoter was revealed by electronic mobility shift assay 
(EMSA). Anti-TINY and anti-BES1 antibodies were used to form larger complex. (B) Schematic 
diagram of the promoter region of COR15A. DRE and G-box were indicated. (C-D) Transient 
expressed TINY and BES1 protein level in promoters-LUC assays. Proteins were determined 








Supplemental Figure 2.8. TINY and BES1 protein transient expression level in N. benthamian. 
(Supports Figure 2.7.) (A-B) Transient expressed TINY and BES1 protein level in promoters-








Supplemental Table 2.1. Putative TINY binding elements. 
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/Reverse Sequences Usage 
tiny Forward ACAAATAAACCTAAAGCCGCC 
Genotyping 
Reverse ATCAAATCAATTTAGCCCGTG 
tiny2 Forward CATCTGTGGAGCTGGCTAATC Reverse GGAACGGCCGCTATACTAAAC 
tiny3 Forward TGCATGGAATTTCTCTCCTTG Reverse GTTCCGCAATCCTTAACTTCC 
tiny4 Forward ATTTTGTCGAACACTTGGACG Reverse TGAGAGGGTTCTGGTTCACAG 
TINYRTF Forward CGAGGAGCTAGGGGAGATTG 
RT-PCR 
TINYRTR Reverse CTTGTGATAACGAGGCAGGA 
TINY2RTF Forward AACTTCCCTGAACTCGCTGA 
TINY2RTR Reverse AAGAGACTCGAGCGAAGACG 
TINY3RTF Forward ACACGGAATGTTCCTCCAAG 
TINY3RTR Reverse TTGATACTCAATGCCGCAAC 
TINY4RTF Forward TCGTTCTCATCGTCGTCTTG 
TINY4RTR Reverse CACCAAATCCTCCAACGAGT 
TOUCH4RTF Forward ACGAGAGGTGGTTTGGTCAA 
TOUCH4RTR Reverse CTCTGCACCCATCTCATCCT 
SAUR9RTF Forward AAGAAGTCGAACAAAGCGGC 
SAUR9RTR Reverse TTGGGACCACATAGCGACTT 
CESA5RTF Forward GGTTTTAGCCGGTGTTGAGA  
CESA5RTR Reverse TCGCATCAGATATTCCCACA 
IAA19RTF Forward TGGTTCGAGCCAAGGCTATGATG  
IAA19RTR Reverse CATCTTTCAAGGCCACACCGATGC  
LHY1RTF Forward GAGCTTGGCAACGAATTGAAGAAC  
LHY1RTR Reverse AAAGCTTGGCAAACAGGGATGC  
IBH1RTF Forward AGAGGCTGAGGAATCTTGTTCCG  
IBH1RTR Reverse CCGTCTCTTCCATCAGCTTTGACG  
RD29ARTF Forward GTGGGCTTTGGTGACGAGTC 
RD29ARTR Reverse GTGTCCATTCCAGTTTCAGTCTTC 
COR15ARTF Forward AAAACTCAGTTCGTCGTCGTTT 
COR15ARTR Reverse GCTTCTTTACCCAATGTATCTGC 
COR47RTF Forward AGCATTCTTGGCGCTTATTGCTCG 
COR47RTR Reverse TCCCTGCTCGTGAGAAATGTTGGA 
KIN2RTF Forward AGTATATCGGATGCGGCAGT  
KIN2RTR Reverse CAAACGTAGTACATCTAAAGGGAGA  
ABA1RTF Forward CGAAGATGCATGCTCGTGTG 
ABA1RTR Reverse CCCTAAACGCCGCCTTCTTA 
ABA3RTF Forward CGAGGAGAGTGTTGCTGACC 
ABA3RTR Reverse ACAACCGCCCAATGATGTGA 




       Supplemental Table 2.2. (Continued) 
 
CESA5ChIP-PCRR Reverse CTAATATATGCCTAAAGACGTAGTAGG 
ChIP-PCR 
IAA19ChIP-PCRF Forward CAGCACCAAACTTATGTCTCTCATG 
IAA19ChIP-PCRR Reverse CGTTGGTCCACACGATACAACC 
RD29ChIP-PCRF Forward GCCACACGACGTAAACGTAAAATGA 
RD29ChIP-PCRR Reverse GGAACTCATGTCGGTAGTATATCTT 
COR15AChIP-PCRF Reverse GTATGTAGCCACAATTTCATGGCC 
COR15AChIP-PCRR Forward GACCTATTACACTCCAAAATTACACG 
RD29~3kbChIP-PCRF Reverse CAGTCCAAAGTTACTGATCCCACG 
RD29~3kbChIP-PCRR Forward AGTCTTCTTCGCGTCCTTGTCTTG 
TINYgenomic clone 

























































































     Supplemental Table 2.2. (Continued) 
 
Promoter sequences used for luciferase reporter assay (Red highlight indicates DRE or its mutant form. 
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BRASSINOSTEROID-MEDIATED PLANT GROWTH   
Zhouli	Xiea,		Yanhai	Yina*			
a 
Department of Genetics, Development and Cell Biology, Iowa State University, 1111 
WOI Road, Ames, IA 50011, USA    
*
Corresponding Author: Department of Genetics, Development and Cell Biology, Iowa 
 State University, 1111 WOI Road, Ames, IA 50011, USA. Tel: (515) 294-4816; 
yin@iastate.edu   
 
Short Title: BOS1 in brassinosteroid regulated growth  
The author(s) responsible for distribution of materials integral to the findings presented 
in  this article in accordance with the policy described in the Instructions for Authors 







Brassinosteroids (BRs) are a class of plant steroid hormones that positively regulates 
plant growth and development by the signaling transduction from the plasma membrane receptor 
BRI1 to transcription factors BES1/BZR1. BRs regulate numerous transcription factors (TFs) 
though BES1/BZR1 to carry out BR-regulated gene expression. Among those TFs, a group of 
MYB family transcription factors named BOS1/MYB108 and it homologs (MYB78, MYB112 and 
MYB2) are regulated by BRs. Here we found that BOS1, MYB78, MYB112, and MYB2 
(BOS1s) are negative regulators in BR-regulated plant growth. BRs repress BOS1, MYB78, 
MYB118 and MYB2 gene expression. The repression of BOS1 is mediated by the direct binding 
of BES1 to the BOS1 promoter.  Loss-of-function mutants of BOS1 and its homologs display 
increased growth phenotype, especially for bos1q (bos1 myb78 myb112 myb2) quadruple mutant. 
bos1q also shows increased sensitivity to BL. Additionally, BOS1 is a substrate of BIN2, a 
negative regulator in the BR pathway. Our results thus reveal that BOS1 controls BR regulated 
growth response by repressing BR signaling. 
3.2 Introduction 
Brassinosteroids (BRs), a class of polyhydroxylated plant steroid hormones, play 
important roles throughout plant development, such as cell elongation, leaf development, pollen 
tube growth, xylem differentiation, senescence, photomorphogenesis and stress response (Clouse 
et al., 1996; Ye et al., 2017). BR biosynthesis and signaling have been well established (Kim et 
al., 2005; Guo et al., 2013; Nolan et al., 2017a). BRs are sensed by BR receptor BR 
INSENSITIVE1 (BRI1) and cascade of phosphorylation events to inhibit negative regulator 
BIN2; BIN2 ia a GSK3/SHAGGY-like kinase that phosphorylates and inhibites BES1/BZR1 




to either activate or repress thousand of BR regulated genes expression (Clouse et al., 1996; Li 
and Chory, 1997; Li et al., 2002; Nam and Li, 2002; Wang et al., 2002; Yin et al., 2002; Gou et 
al., 2012).  
BES1/BZR1 have conserved DNA binding preference, such as E-box (CANNTG) or 
the BRRE site (CGTG(T/C)G) (He et al., 2005; Yin et al., 2005; Sun et al., 2010; Yu et al., 
2011). BES1/BZR1 modulate BR-regulated genes by cooperating or antagonizing with many 
other family transcription factors (Sun et al., 2010; Yu et al., 2011; Guo et al., 2013). Among 
those, numerous transcriptions factors and other proteins are identified to interact with 
BES1/BZR1 to regulate plant growth. PHYTOCHROME-INTERACTING FACTORS (PIFs), 
the light-regulated transcription factors, promote plant growth and responses to the environment 
changes (de Lucas and Prat, 2014). Auxin responsive transcription factors (ARF6/ARF8) 
promote auxin mediated plant cell elongation (Oh et al., 2014). It found that BZR1, PIFs and 
ARFs interacted with each other on cell elongation responsive genes (Oh et al., 2012; de Lucas 
and Prat, 2014; Oh et al., 2014). They formed a so-called BZR1-ARF-PIF module to promote 
cell elongation and integrate plant hormones and light signaling together. Besides interaction 
with transcription factors to promote plant growth, BES1 was reported to recruit histone modifier 
SDG8 and transcription elongation factor IWS1 to promote plant growth (Li et al., 2010; Wang 
et al., 2014).  
BR also has functions on plant abiotic and biotic stresses. BR pathway regulates the 
balance between stress responses and growth. BES1 and drought induced transcription factor 
RD26 antagonize with each other on plant growth and drought responsive genes. However, BR’s 
roles in plant bacteria response remain to be fully established. BR regulates plant defense 




Immunity (PTI) pathway, by which PRRs (Pattern-Recognition Receptors) perceive the signals 
from PAMPs and transduce the signal to activate PTI response(Dodds and Rathjen, 2010). There 
are several lines of evidence showing that BR pathway controls the blance between PTI 
regulated plant defense response and growth by manipulating BZR1. BZR1 suppressed bacterial 
defense by activating WRKY transcription factors that negatively regulate plant immunity 
response. BZR1 also interacted and cooperated with WRKY40 to repress genes required PTI 
responses (Lozano-Duran and Zipfel, 2015). In addition, BIN2 also positively regulates plant 
immunity response though reactive oxygen species (ROS) burst control. Flg22-triggered ROS 
was inhibited in BIN2 loss-of-function mutant, as well as BIN2 kinase inhibitors LiCl/bikinin 
treatment (Lozano-Duran et al., 2013). However, BES1 has positive function in bacterial defense, 
as bes1 knockout mutant was more susceptible to Pseudomonas synringae pv. tomato DC3000 
(Pst DC3000), and the mutation of MPK6 phosphorylation sites on BES1 could not restore the 
susceptible phenotype of bes1 mutants (Kang et al., 2015). Studies about how BRs regulate 
abiotic and biotic stresses might lead to insights into the complex relationship between BR and 
stress tolerance and clarify the balance between plant growth and stress responses. 
BOS1/MYB108 (Botrytis Susceptible1) belongs to MYB family transcription factors. It 
was first identified from T-DNA insertion allele with increased susceptibility to Botrytis 
infection, as well as Pseudomonas synringae pv. tomato DC3000 (Pst DC3000) (Mengiste et al., 
2003). Botrytis infection greatly induced BOS1 transcription, but the induction of BOS1 was 
depended on JA signaling pathway where the induction of BOS1 after Botrytis injection was 
totally blocked in JA insensitive coi1 mutant (JA receptor). bos1 mutants also exhibites reduced 
male fertility, anther dehiscence and pollen viability (Mandaokar and Browse, 2009). 




2003). An E3 ligase BOI (Botrytis Susceptible1 Interactor) identified from yeast two hybrid 
screening interactes with BOS1 and targetes its for degradation (Luo et al., 2010), suggesting 
BOS1 protein abundance was under tight control under normal condition. Taken together, all the 
evidence suggests that BOS1 positively regulate defense and abiotic stress responses. However, 
the mechanisms by which BOS1 regulates BR mediated plant growth and stresses response are 
still unknown.  
Here, we demonstrate that BRs negatively regulate the expression of BOS1 and its 
homologs (MYB78, MYB118, MYB2) though BES1. BOS1 negatively regulates BR mediated 
plant growth. We also identify that BOS1 is BIN2 substrate that BOS1 can be phosphorylated in 
plants.  
3.3 Results and discussion 
3.3.1 BOS1 is a BES1 direct target and negatively regulated by BR 
Our previous microarray data showed that BOS1 and its homologs MYB78, MYB112, 
and MYB2 were BR regulated genes (Li et al., 2009). Phylogenetic tree analysis of BOS1, 
MYB78, MYB112, and MYB2 protein sequences demonstrated that they shared high sequence 
similarity suggesting they might have similar functions (Figure 3.1A). To confirm and examine 
how BR regulates BOS1, we first investigated BOS1 expression level using four-week-old WT 
and bes1-D mutant (in which BES1 protein level is increased and the mutant displays 
constitutive BR response phenotype), with or without 10 nM BL (brassinolide, the most active 
form of BRs) for 3 hours (Figure 3.1B). qRT-PCR showed that BOS1, MYB78, MYB112 and 





MYB2 expression was significantly reduced in WT treated with BL. Therefore we conclude that 
BOS1 and it homologs are negatively regulated by BR signaling pathway. 
In order to determine how BOS1 is regulated by BRs, we first analyzed BOS1 promoter 
sequence and found that it contained several BES1 conserved DNA binding sites. BES1 was 
previously reported to bind E-box (CANNTG) and BRRE (CGTGT/CG, CA/GCACG) to 
regulate downstream gene expression (Yin et al., 2005). BOS1 contain several E-boxes on its 
promoter region (Figure 3.1C). Therefore, chromatin immunoprecipitation (ChIP) was carried 
out using anti-BES1 antibodies and IgG control in wild-type plants to detect the E-boxes at about 
60 bp upstream of transcriptional start site (-60 bp) and about 3 kb upstream of the 
transcriptional start site (~-3 kb) without BES1 binding sites was used as a negative control. In 
this case, ChIP-PCR results indicated that BES1 was significantly enriched at BOS1 promoter at 
- 60 bp region, not at ~-3 kb region, suggesting that BES1 binds to BOS1 promoter to regulate 
BOS1 expression in plants (Figure 3.1D). We therefore concluded that BES1 represses BOS1 
expression by directly binding to BOS1 promoter. 
3.3.2 BOS1 plays a negative role in BR signaling pathway 
To study how BOS1 regulates BR signaling pathway, we obtained T-DNA insertion 
lines bos1 (SALK_024059), myb78 (SALK_085369), myb112 (SALK_017020), and myb2 
(SALK_045454) in Arabidopsis and compared their phenotype with WT. All single mutants 
displayed longer petiole and blade as well as wider blade width under short-day growth condition 
(Figure 3.2A). We also generated bos1 quadruple mutant bos1 myb78 myb112 myb2 (referred as 
bos1q) to further examine their function. Similar to single mutants, bos1q displayed more 
enlarged growth phenotype (Figure 3.2B). We next used bos1q mutants to examine hypocotyl 




bos1q was more sensitive to BL: the mutants had longer hypocotyl compared with WT under the 
same BL concentrations (Figure 3.2C and 3.2D). Taken together, the results demonstrate that 
BOS1 and it homologs play a negative role in BR signaling pathway. 
3.3.3 BOS1 is a BIN2 substrate and phosphorylated by BIN2 
BOS1 is unstable in plants and its degradation is mediated by RING E3 ligase BOI1 
(Botrytis Susceptible1 Interactor). BOI physically interacted with and ubiquitinated BOS1 to 
promote its degradation (Luo et al., 2010). We also transiently expressed BOS1-GFP in N. 
benthamiana leaves with or without p19, the suppressor of post-transcriptional gene silencing 
(Danielson and Pezacki, 2013). We observed that when co-expression with p19, BOS1 showed 
strong and stable signal in the nucleus (Figure 3.3A). BOS1-GFP protein accumulation also 
showed the same tendency (Figure 3.3B), confirming BOS1 is unstable in plants under normal 
condition. The instability of BOS1 prompted us to examine its post-translational modification. 
BIN2, a central kinase that phosphorylates and inhibits BES1/BZR1 function in BR signaling 
pathway (He et al., 2002; Wang et al., 2002; Yin et al., 2002), plays diverse role in plant growth, 
development and stresses responses (Youn and Kim, 2015). It has conserved phosphorylation 
motif with sequence motif Ser/Thr-X-X-X-Ser/Thr (X refers any amino acid) (Zhao et al., 2002). 
BOS1 contains 23 potential BIN2 phosphorylation sites (Figure 3.3C), implying that BOS1 
might be a BIN2 substrate. To confirm this, an in vitro kinase assay was conducted using 
prokaryotic purified GST-BIN2 and GST-BOS1. BOS1 was phosphorylated by BIN2, but not 
GST control protein (Figure 3.3D). The specific phosphorylation of BOS1 by BIN2 was 
confirmed using BIN2 inhibitor bikini (De Rybel et al., 2009). BIN2 phosphorylation on BOS1 





We further tested whether BOS1 has phosphorylated form in plants, BOS1-GFP was 
transient expressed in N. Benthamiana and immune-precipitated using anti-GFP antibody. The 
products were subjected to calf-intestinal alkaline phosphatase (CIP) treatment. CIP treatment 
leaded to fast migrating band (which supposed to be non-phosphorylated form) on the gel, 
suggesting that BOS1 has phosphorylated form in plants (Figure 3.3E). We then tested whether 
BOS1 and BIN2 have physical interaction using yeast two hybrid assay. BOS1 was fused with 
pGBK-T7 as bait and BIN2 was fused with pGAD-T7 as prey. The results showed that BOS1-
BIN2 combinations activated LacZ reporter, but not in negative controls (Figure 3.4F). Taken 
together, we conclude that BOS1 has two forms in plants and the phosphorylation of BOS1 is 
mediated by BIN2. However, the function of phosphorylation modification on BOS1 remains to 
be determined. 
Taken all the results together, BOS1/MYB78/MYB112/MYB2 were identified to play a 
negatively role in BR-regulated plant growth. BIN2 phosphorylation on BOS1 provides another 
aspect that post-translational modification of BOS1, which might affect BOS1’s function and 
needs future examination. Since BOS1 has functions in plant growth and defense, further studies 
about the mechanisms how BOS1 regulates plant growth and defense response, and how BR 
signaling pathway balances plant growth and defense response though BOS1 can provide us 
insights on balance between growth and defense. 
3.4 Methods 
Plant materials, growth condition and hormone responses.  
Arabidopsis thaliana accession Columbia (Col-0) was used as wild type (WT) along 
with previously described mutants: bes1-D (Yin et al., 2002). T-DNA insertion mutants, bos1 




(SALK_045454) were obtained from ABRC (Arabidopsis Biological Resource Center) and 
genotyped before use. Seeds were sterilized using 70% ethanol contained 0.1% Triton X-100 and 
grown on ½ Linsmaier and Skoog (MS) (LS; Caisson Laboratories) plates or in soil short day (8 
h light / 16 h dark) at 22 °C.  
Brassinolide (BL) response was carried out with sterilized seeds on various 
concentrations of BL plates. About ~15 seeds of each genotype were spread on three individual 
BL (Li et al., 2010) plates per concentration. BL Plates with seeds were placed at 4 °C for 3 days 
for stratification. BL plates were put in light for 7 days at room temperature. Plates were scanned 
using a flat bed scanner and hypocotyls were measured using Image J. Statistic analysis was 
carried out and variances of population (SD) were calculated from three individual plates results. 
BL response experiments were repeated 3 times. 
Plasmid constructs and transient expression in N. benthamiana 
BOS1 coding region was cloned from WT cDNA and fused with GFP into pZP211 
vector (Yin et al., 2002). For transient expression, 35S:BOS1-GFP was transferred into 
Agrobacterium tumefaciens (strain GV3101) and infiltrated into N. benthamiana leaves with or 
without RNA silencing suppressor p19. The transient expressed GFP-tagged BOS1 was detected 
by western blotting using anti-GFP (Nolan et al., 2017c). All primers used in this study are 
provided in Supplementary Table 1. 
Kinase and CIP assay.  
About 1 ug MBP, GST-BOS1, and GST-BIN2 were incubated into 20 ul kinase buffer 
(20 mM Tris, pH 7.5, 100 mM NaCl, and 12 mM MgCl2) contained 10 uCi P32-γ-ATP. 




After boiling at 94 °C for 5 min. Proteins were resolved on PAGE gel and dried. Phosphorylation 
images were detected using Typhoon FLA 9500 system.  
For CIP treatment, BOS1-GFP was first immunoprecipited from transient expressed 
tobacco. About 1g homogenization tissue was incubated with 5ml immunoprecipitation (IP) 
buffer (100 mM Tris-HCl, pH7.4, 75 mM NaCl, 1mM EDTA, 0.05% SDS, 10% glycerol, 0.1% 
Trition X-100 and proteinase inhibitor cocktail (Sigma-Aldrich)) 30-40 min, following by adding 
20ul anti-GFP antibody incubating 1 hour. Then add IP buffer pre-washed protein A bead to 
pull-down GFP antibody another 1 hour. Collect and wash beads with IP buffer 3 times to save 
for CIP treatment. About 1ug immunoprecipitated BOS1-GFP proteins were treated with 10 
units calf-intestinal alkaline phosphatase (CIP) (NEB) at 37 °C for 0.5 hour. The reaction was 
stopped by adding 20 ul 2X SDS buffer and resolved on PAGE gel.  
Gene expression analysis.  
For gene expression studies, four-week-old WT and bes1-D treated with 1uM BL or 
mock control for 3 hours to examine BOS1 and its homologs gene expression. Samples were 
collected and frozen into liquid nitrogen. Total RNA of samples was extracted using the RNeasy 
Mini Kit (Qiagen). cDNA was generated using iScript Reverse Transcription Supermix (Bio-Rad) 
and used for gene expression studies. SYBR GREEN PCR Master Mix (Applied Biosystems) 
and Mx4000 multiplex Quantitative CR System (Stratagene) were used for quantitative real-time 
PCR analysis with two technical replicates. Statistic analysis was carried out and variances of 






Yeast two hybrid 
For the yeast two-hybrid assays, BOS1 were cloned into bait pGBKT7 vectors 
(Clontech), while BIN2 was cloned into prey vector pGADT7 (Clontech). The constructs were 
transformed into yeast strain Y187 and screened using medium lacking Trp and Leu. The lacZ 
reporter activity was measured using X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) 
according to the manufacturer’s protocol (Clontech).  
Chromatin immunoprecipitation (ChIP) 
ChIP was performed as previously described with modifications (Nolan et al., 2017b). 
Briefly, 3 g of two-week-old plants were fixed in 1% formaldehyde for nuclei and chromatin 
isolation. The chromatin was sheared with 14 cycles of 10-s on and 1 min off in ice water bath 
using Diagenode Bioruptor Sonication System. 5 ug anti-BES1,or anti-IgG (Millipore Sigma 12-
370) were used to immunoprecipitate chromatin, which was collected with 30 ul protein A 
Dynabeads (Fisher 10003D). PCR analysis with two technical repeats were used to calculate 
enrichment folds compared to anti-IgG. The enrichment of specific transcription factors was 
examined by qPCR with primers from indicated regions and the averages and SD were derived 

































































































































Figure 3.1. BR negatively regulates BOS1 and it homologs. (A) Phylogenetic tree and sequence 
similarity of MYB family (BOS1s) proteins from Arabidopsis. The tree and similarity was 
carried out by clustalW2. (B) BOS1s gene expression was examined. Four-week-old WT and 
bes1-D treated with 1uM BL or mock control for 3 hours. Data represent mean ± SD from three 
biological replicates. (C) Schematic diagram of the promoter region of BOS1. Black box 
represent E-box in BOS1 promoter region. (D) BES1 binding to BOS1 promoter as revealed by 
ChIP assays. Two-week-old WT seedlings was used to prepare chromatin and ChIP with 
antibodies against BES1 and IgG control. The ChIP products were used to detect BOS1 promoter 
binding using primers for qPCR: about 60 bp upstream of the transcriptional start site and about 
3kb upstream of the transcriptional start site as negative control. Data represent mean ± SD from 
three biological replicates. The significance of enrichment was determined by Student’s t-test (* 






Figure 3.2. BOS1 plays negative role in BR pathway. (A-B) Growth phenotype of four-week-old 
WT and bos1 mutants in short day growth chamber. Growth phenotype was showed on top panel. 
The petiole length and blade length and width were measured using the sixth leaves of plants 
(bottom) panel. Data represents mean± SD from three biological replicates, each biological 
replicates contains 12 individual plants. (C-D) BL sensitivity for bos1q mutants. 7-day-old 
seedlings grown on ½ MS medium with 0, 10, 50 and 100 nM BL in light were measured 
hypocotyl using ImageJ. (C). Data represent mean ± SD from three biological plates replicates, n 






Figure 3.3. BOS1 is phosphorylated by BIN2. (A) BOS1-GFP transient expression in tobacco. 
35S:BOS1-GFP construct was transient expressed in tobacco leaves with or without p19. Photos 
were taken at one day or two day after injection (DAI). (B) BOS1-GFP protein expression level 
in tobacco. Samples were collected as indicated time to detect BOS1-GFP protein expression 
level. (C) Schematic representation of BOS1 protein putative BIN2 phosphorylation sites. Red 
asterisk indicated the putative BIN2 phosphorylation sites. (D) BIN2 phosphorylated GST-BOS1 
but not GST in the in vitro kinase assay (top). Coomassie-stained gel showed the amount of 
protein for kinase reaction (bottom). Asterisks indicated the desired proteins. BIN2 
phosphorylation of BOS1 was inhibited by bikinin in kinase assay. (E) BOS1 was 
phosphorylated in plants. BOS1-GFP protein was immunoprecipitated from transient expressed 
tobacco and treated with calf-intestinal alkaline phosphatase (CIP). (F) BOS1 interacted with 





Supplemental Table 3.1. Primers used in this study. 
 
Gene Forward/Reverse Sequences Usage 




myb78 Forward TGCATCTTCGTAAAATCTCCG Reverse GACCCTTTTTGAGAGTTTGCC 
myb112 Forward TTATGGCTGTGACTTCTCCATG Reverse CGATTCTCTCGATGAGACGAG 
myb2 Forward TACTAACGTGCGGTCAAGTCC Reverse TGTAGAATCCAAACCTGCCAC 
BOS1RTF Forward AACTATCTCCGCCCTGACG 
RT-PCR 
BOS1RTR Reverse CGCGTCCTCCAGTAGTTCTT 
MYB78RTF Forward ATGGGTGACAAAGGAAGGAGCTTAA 
MYB78RTR Reverse TCAGAAGCTTCCATTGTCGTGGAC 
MYB112RTF Forward AGAAGAAGTCGAAGAAGTCGAGAA 
MYB112RTR Reverse CTACTGTATGAGCCACTTGTTGAG 
MYB2RTF Forward TCTCTTTGGGGCAATAGGTG 
MYB2RTR Reverse TTCCACTAATCTCGGCATCC 
BOS1ChIP-PCRF Forward GCACCAAACCAAGTAACAAGAGGA 
ChIP-PCR 
BOS1ChIP-PCRR Reverse CCCATGTGGTGAGAGTAGTAACTTTC 
BOS1~3kbChIP-PCRF Reverse CAACCACGAAATCTCATACCGAATAT 
















CHAPTER 4. CONCLUSIONS  
4.1 Functional study of TINY in BR-regulated plant growth and drought responses 
Brassinosteroids (BRs) positively regulate plant cell elongation, but negatively regulate 
stress responses (Clouse et al., 1996; Ye et al., 2017). It was recently reported that BRs mediate 
the trade-off between growth and drought response at different levels. BR’s negative functions in 
drought response have been well documented (Kagale et al., 2007; Zhou et al., 2014; Northey et 
al., 2016; Nolan et al., 2017). BRs also negatively regulate stress responsive genes with the help 
of many other family transcription factors. WRKY46, WRKY54 and WRKY70 (WRKYs) 
cooperate with BES1 to positively regulated BR-induced growth and negatively regulated BR-
repressed drought responses (Chen et al., 2017), while RD26 showed reciprocal antagonized 
effect with BES1 on genes involved in these processes. Severe stress conditions promote BES1 
degradation to alleviate BR’s negative effect on stresses (Nolan et al., 2017). However, whether 
other family transcription factors are involve in BR-mediated growth and stress trade-off still 
needs to be examined. 
TINY is AP2/ERF family DREB A4 family of transcription factors. This family 
contains 17 members in Arabidopsis with high sequence similarity (Nakano et al., 2006; Mizoi et 
al., 2012). Previous studies suggest that TINY might be a potential candidate to study the trade-
off between growth and stress (Sun et al., 2008; Coego et al., 2014). But how TINY regulates 
growth and which stress TINY involved in, and to which extent TINY regulation are largely 
unknown.  
We found that TINY and its homologs positively regulates drought stress responses, but 




activate drought responsive gene such as RD29A and COR15A by directly binding to these genes 
promoters. TINY mediated drought response also depends on ABA pathway as TINY is a 
positive regulator in ABA biosynthesis and signaling. TINY promotes ABA-mediated stomatal 
closure to confer drought tolerance. For TINY inhibition on plant growth, we found that TINY 
inhibits BR signaling. tiny tiny2 tiny4 triple mutant plants have increased growth phenotype, less 
sensitive to BR biosynthesis inhibitors, and increased cell elongation genes expression, while 
these effects are diminished in TINY overexpression plants. We also found that BR promotes 
TINY degradation and BIN2 stabilizes TINY. These results suggest that BR signaling inhibits 
TINY accumulation and thus prevents TINY from unnecessary activation of drought responses 
under normal growth conditions. 
Our globe gene expression studies reveal that TINY have opposite gene regulation 
pattern compared with BR responsive genes: a significant portion of BR-induced genes are 
down-regulated, and BR-repressed genes are up-regulated in TINYOE. Among these genes, about 
half TINY regulated genes are BES1 targets, which means TINY and BES1 regulate the larger 
portion same set of genes. We also found that TINY and BES1 interact each other and bind on 
these gene promoters, but antagonize with each other’s transcriptional activities on these genes. 
Consider BIN2 is activated by stresses and stabilizes TINY, TINY will further inhibit BR’s 
effect on drought by inhibiting BR signaling and repressing BES1 activation on plant growth and 
repression on drought responsive genes. Taken together, our fining provides a mechanisms for 
plants to fine-turn growth and stress response.  
4.2 Future direction on TINYs 
Although TINY was found to mediate the crosstalk between BR-regulated plant growth 




partners by yeast two-hybrid screen and target genes by ChIP-seq could further our 
understanding of the mechanisms by which TINY controls BR-regulated growth and drought 
responses as well as reveal the function and mechanism of TINY in the developmental and 
physiological processes. 
We identified that TINY positively regulates ABA biosynthesis and signaling. We only 
reveal that TINY promotes ABA-mediated stomatal aperture without detailed mechanisms. 
OST1/SnRK2.6, the kinase and a major contributor to ABA-induced stomatal closure, has wide 
substrates that mediate numerous bio-processes (Acharya et al., 2013). Besides OST1’s general 
role in abiotic stresses, OST1 is the major component in ICE-CBF mediated cold stress pathway 
(Liu et al., 2018). Additionally, OST1 is the one of SnRKs that not phosphorylated by BIN2 (Cai 
et al., 2014), suggesting it might work together with BIN2 to regulate ABA signaling and 
stresses response. Therefore, it will be interesting to determine whether TINY can be 
phosphorylated, activated and stabilized by OST1, which has the potential to expand TINY 
functions in other stresses. 
When I crossed TINY overexpression line into bin1-2 gain-of-function mutant, we 
observed two classes of phenotypes in the F1 generation. Among these, bin2-1 HT TINYOE HT 
has bin2-1 homozygous like phenotype. We also found that co-transform TINY and BIN2 
together, BIN2 protein accumulated less than control, which suggesting TINY somehow 
regulates BIN2 either at transcriptional or translational level, or TINY might affect BIN2 kinase 
activity. Therefore, examining BIN2 transcript and protein accumulation and activity in TINY 





4.3 Functional study of BOS1 in BR-regulated plant growth 
Besides MYB30 that a direct target of BES1 to amplify BR signaling by cooperating 
with BES1 to activate downstream target genes (Li et al., 2009), we identified that another group 
transcription factors BOS1 in the MYB family negatively regulates BR signaling to inhibit plants 
growth. Our qPCR revealed that BR negatively regulates the expression of BOS1, MYB78, 
MYB112 and MYB2. The results suggest that BR turn-off defense and abiotic stresses responsive 
genes, which can save energy to promote plant growth. We found that bos1q mutants were more 
sensitive to BRs; and BR-induced genes are up-regulated and BR-repressed genes are down-
regulated in bos1q mutants, indicating BOS1 negatively regulates BR responsive genes. We also 
found that BOS1 is a BIN2 substrate. The phosphorylation of BOS1 might affect it stability and 
function in plant immunity and abiotic stresses response. Taken all results together, our results 
expands MYB family transcription factor’s function in BR pathway. Given BOS1’s positive 
roles on plant defense and abiotic stresses, our findings also establish a link to study BR 
regulated plant defense and abiotic stresses though BOS1.  
4.4 Future direction on BOS1s 
In our study we characterize that BOS1 negatively regulate BR-mediated plant growth. 
However, how BOS1 regulate other aspects of BR mediated processes especially defense is still 
unknown. BOS1 is reported to positively regulate plant defense, while BR pathway is reported to 
have complex roles in plant defense response. Therefore, future studies should aim to determine 
how BR regulates plant defense and abiotic stresses though BOS1.  
bos1 mutants are susceptible to Botrytis infection and some studies showed that BRs 
negatively regulate on fungal infection, especially on Alternaria brassicicola, a necrotrophic 




the susceptibility of BR mutants on Botrytis infection, four-week-old short day plants (Col, bri1-
301, bes1-D and bos1q) can be inoculated with Botrytis with 2.5 × 105 spores/ml spore 
concentration and keep under high humidity. Lesion size can be measured at three days after 
inoculation and the accumulation of the Botrytis-tubulin mRNA can be quantified by qRT-PCR.  
In order to get more information about how BRs and BOS1 regulate fungal and plant 
growth responsive genes, global gene expression profiling can be acquired using a large-scale 
transcriptome analysis (RNA-seq). BR mutant (bri1-301 and bes1-D) and bos1q treated with or 
without Botrytis injection can be used for RNA-seq analysis. The differential expressed genes 
can be compared with BR regulated genes and Botrytis regulated genes (Windram et al., 2012; 
Ye et al., 2017).  
Four-week-old short day plants can be sprayed with Botrytis with 2.5 × 105 spores/ml 
spore concentration. After 14 hours inoculation, the whole rosettes can be cut from the root and 
quick frozen in liquid nitrogen.  All samples can be ground to a fine powder to extract total RNA 
by TRIZOL reagent and following purification with Qiagen RANeasy columns. After 
determining RNA concentrations and quality, the total RNA will be sent to Beijing Genomics 
Institute (BGI) for RNA-seq analysis with Illumina instrument. 
Since we identified that BIN2 can phosphorylation on BOS1, we need to answer the 
question what’s the function of BOS1 phosphorylation by BIN2 in plants. Previous study 
demonstrated that BOI interacted with BOS1 and targeted it for degradation and the BOS1 
transgene could only be detected after MG132 treatment (Luo et al., 2010). The instability of 
BOS1 support the notion that BOS1 is induced by Botrytis infection or other stress conditions, 
implying that BOS1 protein level is under tight control to fine-turn the stress response. Our 




phosphorylated form in plants. Therefore, we can first overexpress BOS1 in bin2-1 (gain-of-
function) mutant (Li et al., 2001), and bin2-3 bil1 bil2 (loss-of-function) (Yan et al., 2009) 
background to examine how BIN2 phosphorylation regulates BOS1. Second, we can use mass 
spectrometry to identify BIN2 phosphorylation sites on BOS1 and confirm these sites using in 
vitro kinase assay. Third, to study the phosphorylation effect in plants, we can mutate BIN2 
phosphorylation sites (S/TXXXS/T) Ser/Thr into Ala (A) and Asp (D) to mimic phosphorylation 
dead form and phosphorylation mimic form respectively. Then we can generate the transgenic 
plants (BOS1mAOE and BOS1mDOE) to examine their function in plants. Finally, we can test 
BOS1mAOE and BOS1mDOE botrytis susceptibility to explore BIN2’s function in fungal 
response.  
In summary, we establish the role of Arabidopsis AP2/ERF and MYB transcription 
factors in BR signaling pathway and stress response. The results not only identify how BR 
regulates stress responses, but also reveal the mechanisms by which BIN2 modulates stresses. 
Taken together, the results provide new insights into hormonal control on the trade-off between 
plant growth and stress responses. Full understanding of these transcription factor’s functions in 
BR regulated growth and stress responses as well as their regulation by BR signaling can help 
design strategies in crops to achieve optimal growth under stress conditions. 
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